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Ju ly  7 ,  1964 
INTRODUCTORY REMARKS 
HERMANN K. WEIDNER 
Gen t l emen ,  it is a p l e a s u r e  to  we lcome  you to this Aluminum 
It  is obviously a m e a s u r e  of your  p ro fes s iona l  Welding Sympos ium.  
e n t h u s i a s m  tha t  you a r e  will ing to  b r a v e  a n  Alabama  s u m m e r  and  
m e e t  with u s  today. 
M r .  K u e r s  h a s  told m e  tha t  t h e r e  a r e  r e p r e s e n t a t i v e s  in the  
I no t ice  
audience  f r o m  about  seventy- f ive  compan ies  and  t echn ica l  i n s t i t u t e s .  
Many of you a r e  in d i r e c t  s u p p o r t  of o u r  S a t u r n  p r o g r a m s .  
f r o m  the  r o s t e r  of r e p r e s e n t a t i v e s  tha t  we have a good c r o s s - s e c t i o n  
of the p r o g r a m s  being 'conducted, t oday ,  throughout the national indus - 
tr ial  p lan t .  
None of you a r e  s t r a n g e r s  to  the f ac t  tha t  p r e s e n t  welding t ech -  
nology is now in  a r ap id  s t a t e  of f lux.  
to  be  p a s s i n g  on the  l a t e s t  in format ion  to o t h e r s  in the p ro fes s ion .  The 
out-pouring of knowledge is many  t i m e s  g r e a t e r  than  ava i lab le  channels  
of d i s semina t ion .  S o ,  today ,  in format ion  exchange will  be  one m a j o r  
t h e m e  of ou r  mee t ing .  We hope to  exchange expe r i ences  and  s h a r e  ou r  
c o m m o n  env i ronmen t  of p ro fes s iona l  p r o b l e m s .  We,  a t  M a r s h a l l ,  a r e  
bountifully p rov ided  wi th  p r o b l e m s  w e  can s h a r e  with you. 
One of the m a i n  difficult ies s e e m s  
A t  M a r s h a l l ,  we  a r e  r e s p o n s i b l e  f o r  NASA's l a r g e  launch vehi -  
c l e  s y s t e m  r e q u i r e m e n t s  f r o m  conceptua l  des ign ,  through production. 
and  t e s t ,  to f l ight  evaluation. 
In M r .  K u e r s '  Manufac tur ing  Engineer ing  L a b o r a t o r y  we  have  
e s t ab l i shed  a b r o a d  capabi l i ty  f o r  r e s e a r c h  into manufac tur ing  m e t h o d s ,  
and  fo r  deve lopment  and  expe r imen ta l  appl ica t ion  of new manufac tur ing  
technology. Our  e m p h a s i s  is o n , t h e  S a t u r n  V ,  a n  e x t r e m e l y  l a r g e  vehic le .  
Its s i z e ,  a lone ,  h a s  . in t roduced  a n u m b e r  of deve lopment  p r o b l e m s .  
In addi t ion ,  its p e r f o r m a n c e  r e q u i r e m e n t s  a r e  m o s t  s t r ingen t .  Opera t ing  
env i ronmen t s  a r e  s e v e r e ,  and  v e r y  high r e l i ab i l i t y  and quality is r e q u i r e d ,  
b e c a u s e  ou r  veh ic l e s  w i l l  soon c a r r y  m e n .  
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T h e s e  c h a r a c t e r i s t i c s  i m p o s e  a number  of i n t e re s t ing  f a b r i c a -  
We a r e  f a c e d  by dai ly  appl icat ion of known techniques t ion p r o b l e m s .  
to  advanced fliglit h a r d w a r e .  However ,  s t a n d a r d  p r a c t i c e s  no longer  
m e e t  a l l  of o u r  needs .  
f o r c e s  us  to extend o u r  technology and  th i s  can  only be done by going 
into b a s i c ,  s y s t e m a t i c  technological  development .  
The i n c r e a s e d  r e q u i r e m e n t s  of o u r  vehic les  
Solut ions to o u r  technica l  p r o b l e m s  a r e  not found by any  s ingle  
organiza t ion  a lone .  
expe r i ence  of i ndus t ry .  
r e f e r  f r equen t ly  to  the  g o v e r n m e n t - i n d u s t r y  t eam.  
these  demanding  vehic les  of o u r s  depend on  such  pooled expe r i ence  a s  
we  have r e p r e s e n t e d  h e r e  th i s  morning.  
Governmen t  m u s t  d r a w  l ibe ra l ly  on the b r o a d  
We talk about  the  need f o r  t e a m  work .  We 
One thing i s  c l e a r - -  
At the  beginning of th i s  y e a r ,  t he  Manufactur ing Engineer ing  
L a b o r a t o r y  comple t ed  a s u r v e y  of a n u m b e r  of compan ies  to  rev iew 
c u r r e n t  welding technology and the  g e n e r a l  p r o b l e m s  being encountered  
by the a e r o s p a c e  indus t ry .  
m o r e  than half a r t .  
a p p r o a c h e s  and p r a c t i c e s  w e r e  ident i f ied,  and a r ea l ly  s u r p r i s i n g  
v a r i e t y  of equipment ,  ph i losophies ,  and p r o g r a m s  w e r e  found. 
One conclusion s tood out--Welding is s t i l l  
During the  c o u r s e  of the su rvey ,  a d ive r s i ty  of 
The  s u r v e y  did find one thing common- -we  all had welding 
p r o b l e m s .  T h e s e  p r o b l e m s  f a l l  into c e r t a i n  bas ic  g roups .  Equipment  
des ign ,  f o r  e x a m p l e ,  and the effect  of va r i a t ions  in  b a s e  m a t e r i a l s ;  
the m e c h a n i s m  of po ros i ty  fo rma t ion ,  and the need to inves t iga te ,  in  
far  g r e a t e r  depth of de t a i l ,  the  in t e r r e l a t ionsh ips  of welding v a r i a b l e s .  
T h e s e  p r o b l e m s  a r e  continuous.  The old bas ic  p r o b l e m s  have  
a n  unfortunate  tendency to r e m a i n  with u s .  And, v i r tua l ly  everyday ,  
we  m e e t  new ones  in ou r  shops  a t  M a r s h a l l ,  o r  at  ou r  p r i m e s ,  o r  the i r  
support ing c on t r a  c to r s . 
H o w e v e r ,  it h a s  grown increas ingly  appa ren t  tha t  welding 
technology is now a t  t ha t  point of ma tu r i ty  w h e r e  it m a y  prove  
mo'st f ru i t fu l  to  pause  a moment  to f o r m u l a t e - - a s  carefu l ly  and 
sys t ema t i ca l ly  a s  poss ib l e -  -our  expe r i ences  and o u r  phi losophies .  
It is t ime  we did so.  
We have p e r h a p s  reached  a point w h e r e  a r t  m u s t  be t r a n s -  
f o r m e d  to  sc i ence .  I t  i s  now poss ib le  to s y s t e m a t i z e  ou r  work  and 
to  begin formula t ion  of the e m p i r i c a l  a n d  ana ly t ica l  tools  needed in  
vehic le  manufac ture .  
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T h i s ,  then ,  m a y  be a second m a j o r  t h e m e  of ou r  s y m p o s i u m - -  
to  s t r e s s  s c i e n c e  in  welding.  Our needs  m a k e  tha t  ambi t ious  goal  a 
m o s t  d e s i r a b l e  one. We,  a t  M a r s h a l l ,  have a ves t ed  i n t e r e s t  in  tha t  
e n t e r p r i s e .  We have as our  i m m e d i a t e  objec t ive ,  the i m p r o v e m e n t  
of welding techniques as appl ied t to  the Sa tu rn  V. W e  a r e  y e t  a long 
way f r o m  having i n  hand a l l  of the new developments  and  techniques  
r e q u i r e d  f o r  t ha t  job. 
Now, gent lemen,  we  have  r eached  the end of the beginning. 
And, inc identa l ly ,  w e  
We a r e  g lad  to have  you h e r e .  
of this  s y m p o s i u m  wi l l  p rove  usefu l  to you. 
hope that  ways  might  be found f o r  u s  to  he lp  you to he lp  us .  
We hope that  the ta lks  and  d i scuss ions  
Thank you. 
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TECHNICAL INTRODUCTION 
ALUMINUM WELDING SYMPOSIUM 
"Before the  end of t h i s  decade, man w i l l  launch h i s  g rea t e s t  voyage 
of discovery,  a journey whose magnitude and implicat ions f o r  the  h k a n  
race dwarf any high adventure of the p a s t .  For the  f i r s t  t i m e ,  he w i l l  
leave h i s  home planet  and s e t  foo t  upon another world, the  luminous s a t e l l i t e  
of the  e a r t h  we c a l l  t he  moon." 
"More than 5,000 of the na t ion ' s  i n d u s t r i a l  f irms a r e  d i r e c t l y  involved 
i n  the  United S ta t e s '  e f f o r t s  t o  place men on the  moon." 
These a r e  the  words excerpted from a recent  a r t i c l e  t i t l e d  "Footpr ints  
On The Moon", prepared by D r .  Hugh Dryden, who i s  the  Deputy Administrator 
of NASA. 
For ourselves ,  it i s  t h r i l l i n g  t o  be a needed pa r t  of such an exc i t i ng  
program. Each member of t h i s  audience t r u l y  has an important r o l e  i n  the  
po ten t i a l  success of t he  Apollo p ro jec t .  NASA i s  dependent on the  c o l l e c t i v e  
experience and ingenuity of the  welding profession across  the  na t ion  t o  
research new and b e t t e r  techniques of welding and importantly solve the 
day-to-day problems t h a t  plague our vehic le  f a b r i c a t i o n  schedules. 
We here a t  NASA are pr ivi leged t o  v i s i t  many research l abora to r i e s  and 
production shops throughout the country and witness  the  b e s t . e f f o r t s  of each 
organizat ion.  
Recently,  Bob Hoppes, our symposium pro jec t  o f f i c e r ,  took p a r t  i n  a 
series of v i s i t s  t o  many aerospace f i rms f o r  t he  purpose of reviewing known 
welding problem areas  and the  wdrk being performed by var ious organizat ions 
on p a r t i c u l a r  problems. 
Note and copies of t h i s  repor t  w i l l  be made ava i l ab le  t o  symposium at tendees 
a t  the  c lose  of the  meeting on Thursday. 
These f ind ings  a r e  summarized i n  a Marshall I n t e r n a l  
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The cooperation extended by your companies provides Marshall personnel 
with a unique insight of problem areas and methods of possible solution 
being pursued by industry and research institutes. 
The existence of 'many &nmotl aluminum welddng problems has been a 
contributing factor in initiating the need and theme of this symposium. 
It is our hope that the papers selected for presentation in this symposium 
will provide more of the 
welding process. 
which permits the subsequent control of the 
The response fmm American firms to this symposium was gratifying. 
So many organizations offered to present papers that it imposed a real problem 
for the selection committee to choose those papers best suited to the 
interest of the sympos$um. A review of the agenda indicates that we have 
selected 17 technical papers for presentation whose subject matter includes 
the areas of statistics, basic metallurgical development, welding processes, 
and welding equipment. 
We will have copies of the symposium technical papers available to the 
attendees on Thursday noon. 
Thursday noon can obtain specific papers by writtng to MSFC's Public 
'Information Off ice. 
Persons Qho may be required to leave before 
You will also note on your program the scheduling of a panel discussion 
on Thursday morning, the last day of the symposium. 
session is to stimulate our thoughts toward "defining tomorrow's problems in 
aluminum welding". 
One objective of this 
In a parallel activity to the theme of this symposium on aluminum 
welding, Marshall has recently awarded a number of research programs totaling 
approximately $300,000. These investigations will include various studies 
Y 
Mr. Weidner has emphasized the need of transforming more of the art 
of welding into a science. In addition to many research programs which are 
directed to private firms, we at Marshall also contribute to development of 
basic knowledge. 
Engineering Laboratory are in the middle of an interesting scientific study 
whi,ch relates electrical energy input into the weld puddle to the specimens 
resultant quality and properties. This program was initiated as aresult of 
the tough problem we are experiencing in producing good horizontal welds. 
As a result of this study, we have gained meaningful scientific guidance, and 
we are now approaching the problem of hqrizontal welding with more 
confidence and anticipated success. One of our metallurgists will present 
a paper tomorrow on this subject, titled "Time-Temperature Effect On Welds 
In 2219-T87 Aluminum Alloy". 
and worthwhile, and the information might help solve one of your immediate 
problems. 
As one example, our welding engineers in the Manufacturing 
I'm sure you will find it very interesting 
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Good fortune has been riding with much of our apace program to date, 
and the group of professional welding engineers in this auditorium has a 
special responsibility to keep the chain of success continuous. The 
Mercury program was initially daring and later became glamorous. 
current Saturn I Launch Program has provided the brute pirwer to pave the 
way for man9s footprints on the moon. 
so many of you are personally acquainted with will bring manned lunar 
exploration into reality. 
The 
The 360' tall Sathrn V vehicae that 
The shops here at Marshall, at Boeing, at NAA and Douglas are no% 
fabricating the prototype stages of Saturn V vehicles. 
vertically, .the vehicle will stretch skyward but a fracti'on of the quarter 
million mile distance to the moon. The remaining distance to success will 
be a rgality only if you and your associates share this task. 
When assembled 
We'have arranged a tour for you immediately after lunch today through 
two areas: First, to the static test stand area, and then through the 
Manufacturing Engineering Laboratory' s shops. 
The test area is where all vehicxes are statically test fired prior 
to the journey to CapeKennedy. 
the front of this Building, you will note a very large structure raising its 
head above the horizon. 
7 1/2 million pounds of thrust which will be generated by the Saturn V 
vehicle. The rmble heard from the test stand area is a frequent occurrence 
as the test firing program progresses. 
If you look southward, about one mile from 
This is the static test stand designed for retaPning 
The.Manufacturing Engineering Shop tour will give you an opportunity 
to see the huge first stage components<being constructed of the Saturn V 
launch vehicle. 
components of the S-IC stage of the Saturn V vehicle. Of special interest 
to most of you will -be the all-welded LOX and fuel tanks, both 33' in 
diameter and representing horizontal, vertical, and conventional flat 
welding, all automatic. 
We have in various stages of completion all the major 
Also of special interest to any of you who lived in the "Rivet 
Together Era" is the monstrous thrust structure. 
as if it should be shipped to a bridge construction project. 
This item really looks 
We are finalizing the development of electron beam welding for the 
33v diameter Y-ring of the S-IC Saturn. During your shop tour this 
afternoon, we will have our operators at the station to explain the welding 
demonstrations of the equipment and show results of the work accomplished to 
date. 
believe the electron beam process has a unique place in the future for 
welding heavy gage aluminum structures. 
The results of the development are impressive. We at Marshall 
The challenge of space exploration is a very real thing, and l i b  
Mount Everest, it will be conquered because men try and it is possible. 
The goals of the space program can only become reality through your 
collective techwlogical intelligence and efforts. I'm sure each of you 
is proud and thrltlled to be associated with this history-making program. 
THANK YOU 
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NnUENCE OF WELDING PARAMETERS I N  
ELECTRON BEAN WELDING m A L W S  
BY 
Walter Schwenk 
MANUFACTURING ENGINEERING 
GRUMMAN AIRCRAFT ENGINEERING CORPORATION 
BETHPAGE, NEW YORK 
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ABSTRACT 
This report summarized the work performed in evaluating the influence 
of the welding parameters in electron beam welding aluminum alloys. 
program.was divided into two phases: 
the effect on weld bead geometry caused by varying the parameters; 
was a study concerned with deriving a relationship between the welding parameters 
and 100 percent-penetration. 
The 
Phase I was an investigation tb determine 
Phase IT 
The following parameters: focusing current, carriage speed, gun-to- 
work distance, beam current, and accelerating voltage were optimized for the 
material being investigated. 
the optimum setting on the penetration and geometry of the weldment was 
studied. To accomplish this, one parameter at a time was varied from the 
optimum setting while all of the others were held constant. All of the 
welding tests were performed using the minumum.beam diameter for a given 
power level. This minimum beam diameter was accurately determined by a 
technique developed in our laboratory. 
the power density of the electron beam was ehe most important parameter in 
controlling weld penetration while variations in carriage speed p,roduced only 
a slight effect on penetration. 
Then the effect of varying these parameter from 
The results of the tests showed that 
A relationship was derived between welding parameters and penetration. 
The energy input required to produce 100 percent,penetration was calculated 
from all the data generated in our studies pertaining to electron beam welding 
aluminum alloys. A graph was obtained by plotting material thickness vs. 
energy input required to produce a weld possessing 100 percent penetration for 
any given thickness. 
energy input to actual welding parameters. 
It is then possible by the use of an equation, to convert 
CONCLUSIONS AND RECOMMENDATIONS 
The results of this program show that the power density of the electron 
beam is the most important welding parameter. 
by three variables, i.e., accelerating voltage, beam current, and beam 
diameter. Carriage speed is shown to have a slight effect on weld penetration 
and weld bead geometry. 
This power density is determined 
A relationship was obtained between welding parameters and penetration. 
It is possible to obtain from a graph the energy input required for 100 percent 
penetration of any aluminum alloy thickness; then the energy input can be 
easily converted into actual welding parameters. 
Future welding studies should include a study of the interrelationship 
between welding parameters and mechanical properties. 
operator to obtain from a graph the parameter settings required to produce a 
weldment possessing both maximum mechanical properties and satisfactory 
quality. 
ferrous alloys. 
This would enable an 
This work should also be extended for other materials, especially 
INTRODUCTION 
Electron beam welding (E.B,W.) was introduced to the welding industry 
However, at present the majority of the units are 
approximately seven years ago. At that time it was thought to be the panacea 
for all welding problems. 
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s t i l l  being u t i l i z e d  i n  research and development l abora to r i e s .  This i s  
probably a r e s u l t  of numerous unanswered quest ions posed by the process;  these 
quest ions must be answered before E.B;W. w i l l  become accepted i n  a l l  welding 
indus t r i e s  
This program was i n i t i a t e d  as  an attempt to  solve some of the bas ic  
problems assoc ia ted  with E,B.W. 
e f f e c t  on weld bead geometry caused by varying the welding parameters. WeId- 
ing  parameters inves t iga ted  were acce le ra t ing  vol tage ,  beam cur ren t ,  focusing 
cu r ren t ,  gun-to-work d is tance ,  and work t ab le  movement. Phase I1 w a s  a study 
designed t o  der ive  a r e l a t ionsh ip  between the welding parameters and 100 percent 
pene t ra t ion  i n  the thickness of mater ia l  t o  be welded. 
Phase I was an inves t iga t ion  to  determine the 
PROCEDURE 
Phase I 
The mater ia l  used i n  t h i s  phase of the program was 0,500 inch th ick  
aluminum a l l o y  7075-T6. A l l  of the welding was performed using a low-voltage, 
high-power e l ec t ron  beam welder. 
The following parameters were optimized f o r  the  mater ia l  by v i sua l  and 
microscopic examination of t e s t  weldments: focusing cu r ren t ,  ca r r i age  speed, 
gun-to-work d i s t ance ,  beam cur ren t ,  and acce le ra t ing  vol tage.  Then a study was 
made of the e f f e c t s  of parameter va r i a t ions ,  p a r t i c u l a r l y  a s  they appl ied t o  
weld penet ra t ion  and weld geometry. To accomplish t h i s ,  one parameter a t  a 
time was var ied from the  optimum s e t t i n g  while a l l  the o thers  were held constant  
(at the optimum s e t t i n g s ) .  I n  the  l a s t  t e s t ,  however, the beam cur ren t  was 
maintained cons tan t  a t  100 milliamps and the focusing cu r ren t  had t o  var ied i n  
order  t o  maintain a beam. 
Tes t  I - Focusing Current - (Optimum value was 7.5 amps) 
S ix  passes were made using various focusing cur ren ts  from 6 t o  
8.5 amps. 
Test  I1 - Carriage Speed - (Optimum value was 45 IPM) 
Variat ions from 30 IPM t o  75 IPM were made on the ca r r i age  speed. 
T e s t  I11 - Gun-to-Work Distance - (Optimum valve was 1 inch) 
Distance between the e l ec t ron  gun and the work was var ied  from 
3 f4: inch t o  2 inches,  
Test I V  - Beam Current - (Optimum value was 155 Ma) 
The va r i a t ions  i n  beam curren ts  were 115, 130, 110, 90, 65, and 30 Ma. 
The vol tage was var ied from 25.5 KV t o  15 KV 
Phase I1 
Data from the e l ec t ron  beam welding of aluminum a l l o y s  a t  Grumman 
A i r c r a f t  Engineering Corporati’on were obtained and tabulated.  This da ta ,  
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however, per ta ined only t o  thicknesses between 0.020 inch and 0.625 inch. 
Parameters l i s t e d  were a c c e l e r a t i n g  vol tage,  beam c u r r e n t ,  and c a r r i a g e  
speed i n  a d d i t i o n  t o  m a t e r i a l  thickness, Various at tempts  ,were made t o  
der ive a r e l a t i o n s h i p  between the welding parameters and penetrat ion.  
RESULTS AND DISCUSSION 
Phase I 
The optimum welding parameters were obtained f o r  0,500 inch t h i c k  7075 
aluminum and a r e  a s  follows: 
Voltage 25,800 Volts 
Beam Current 155 Milliamps 
Carriage Speed 45 Inches/Minute 
Focusing Current 7.5 Amps 
Gun-to-Work Distance 1 Inch 
The weld bead exhibi ted the t y p i c a l  shape of an e l e c t r o n  beam weld i n  
t h a t  i d  possegsed a depth-to-width r a t i o  
1.) 
was per t inent  t o  t h e  program. 
f i g u r a t i o n  be approached when welding various a l l o y s  and thicknesses.  
narrow weld zone i s  d e s i r a b l e  a s  i t  usua l ly  increases  t h e  s t r eng th  of t he  mat- 
e r i a l .  A weld, a s  shown i n  Figure 1, w i l l  a l s o  decrease the amount of d i s -  
t o r t i o n  caused by shrinkage. 
of approximately 16:l. (See Figure 
It i s  recommended t h a t  weld beads of t h i s  con- 
The weld was not  t e s t e d  e i t h e r  mechanically o r  radiographical ly  a s  n e i t h e r  
A , 
The r e s u l t s  of t h e  tes ts ,  showing t h e  e f f e c t  on t h e  weld bead caused 
by varying t h e  welding parameter, were s a t i s f a c t o r y  and a considerable amount 
of information was obtained. Some of t h e  tests subs tan t ia ted  previous assump- 
t i ons  of t h e  process; o the r s  showed us t h e  e f f e c t s  of t h e  parameters on the  
weld bead 
Observations of t h e  test  showed t h e  following: 
Tes t  I 
P r i o r  t o  the  t es t ,  t h e  focusing cur ren t  was known t o  have a considerable 
e f f e c t  on t h e  weld bead shape. The tes t  proved t h i s  statement was v a l i d  s ince  
a defocused beam produced a w i d e  weld zone with i n s u f f i c i e n t  penetrat ion.  The 
l a r g e r  beam diameter decreased the  power dens i ty  of t he  beam, which i s  undesir-  
able.  The power dens i ty  of t he  beam was shown t o  be t h e  most important f a c t o r  
i n  obtaining a narrow weld zone. This i s  shown i n  Figure 2. 
Tes t  I1 
The c a r r i a g e  speed was thought t o  have a l a rge  e f f e c t  on penetrat ion 
and shape of t he  bead. 
very l i t t l e  effect on t h e  shape of t h e  bead and penetrat ion.  The f i r s t  t h ree  
passes showed t h a t  t h e r e  i s  only s l i g h t  change i n  penetrat ion when t h e  car r iage  
speed i s  decreased by 33 113 percent.  
a t t r i b u t e d  t o  the forementioned f a c t  t h a t  t h e  e l e c t r o n  beam dens i ty  i s  the 
most important var iab le  i n  obtaining a narrow weld. 
However, t h e  t es t  showed t h a t  t h e  car r iage  speed had 
(See Figure 3.) This discrepency i s  
1 2  
Figure 1, Butt Weld $-Inch Aluminum 
Figure 2,  Effec t  of Varying the  Focusing,Current,  Focusing Currents from 
Lef t  t o  Right are 6 , 0 ,  605, 7,0, 8,O and 8 - 5  Amp 
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Figure 3 .  Varia t ions  i n  Weld Bead Caused by Changing Carriage Speed. 
Carriage Speeds from Lef t  t o  k ight  a r e  7 5 ,  60,  50,' 4 0 ,  and 30 IPM 
Test III 
The d i s t ance  between the  gun and t h e  work piece i s  a c r i t i c a l  parameter, 
P r io r  t o  the  t e s t  t h i s  parameter was thought <o have only a s l i g h t  e f f e c t  on 
the  weld bead. ..The t e s t ,  however, disproved t h i s  hypothesis:  welds wi th  
various shapes were produced by varying the  d is tance .  (See Figure 4 . )  Actually,  
when t h i s  d i s t ance  i s  va r i ed ,  the  c ross -sec t iona l  a rea  o f  the  focused beam 
a t  t he  work sur face  changes and causes the  various weld bead shapes. 
Figuxe 4 .  Effec t  of Varying Gun-to-Work Distance, Distances from Lef t  t o  
Right are 2, 1 3 1 4 ,  1 112, 1 114, 1, and 314 Inches. 
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Test  IV 
It was known p r i o r  t o  the  tes t  t h a t  the  beam cur ren t  had considerable 
e f f e c t  on the  amount of pene t r a t ion  and the  shape of t he  weld bead, 
Figure 5.) , The tes t ,  however, showed t h a t  v a r i a t i o n s  i n  the  beam cur ren t  had 
considerable e f f e c t  on the  pene t ra t ion  and only a s l i g h t  e f f e c t  on t h e  shape 
of t he  bead, 
dens i ty  of t he  beam t o  decrease,  thus causing a loss  i n  penetration. 
(See 
The decreasing v a r i a t i o n  i n  beam cur ren t  caused the  energy 
T e s t  V 
Variations i n  acce le ra t ing  voltage had a considerable e f f e c t  on the  weld 
bead geometry. (See Figure 6 . )  I n  t h i s  t e s t  t he  only var iab les  were the  
vol tage  and focusing cu r ren t .  The beam cur ren t  was not  155 milliamps, a s  i t  
was i n  the  o ther  t e s t s ,  however, i t  was maintained constant a t  100 milliamps. 
Tests showed t h a t  s l i g h t  va r i a t ions  i n  four  of t he  va r i ab le s  w i l l  
produce a not iceable  change i n  the  weld bead geometry. 
(vol tage,  beam c u r r e n t ,  focusing cu r ren t ,  and gun-to-work d is tance)  determine 
the  power dens i ty  of the beam; t h e  l a t t e r  two va r i ab le s  determine the  diameter 
of t h e  beam. Variations i n  the  focusing cu r ren t  and gun-to-work d i s t ance  vary 
the  beam diameter a t  i t s  i n t e r s e c t i o n  wi th  the  work piece.  Both parameters 
w i l l  vary the  loca t ion  of minimum beam diameter i n  r e l a t i o n  t o  d i s t ance  from 
the  work piece.  
These four va r i ab le s  
The major i ty  of the welding, using t h i s  u n i t ,  I s  performed with a gun- 
to-work d is tance  of 1 inch. The minimum beam diameter a t  t he  i n t e r s e c t i o n  with 
the  work pieces i s  then obtained f o r  a given power l e v e l  by varying the  focusing 
cu r ren t  u n t i l  the  des i red  beam diameter i s  reached. The minimum diameter was 
determined previously by a technique developed i n  our labora tory  t h a t  u t i l i z e s  
a tungsten rod passing through the  beam a t  a known v e l o c i t y . .  The t i m e  required 
i s  recorded and r e l a t e d  t o  beam diameter. 
Phase I1 
This phase was pr imar i ly  a compliation of a l l  t he  data  generated from 
welding s tud ie s  on our u n i t  per ta in ing  t o  e l ec t ron  beam welding aluminum a l l o y s .  
Welding data from numerous aluminum a l l o y s  were used a s  va r i a t ions  i n  composition 
showed only a s l i g h t  e f f e c t  on t h e  i n t e r r e l a t i o n s h i p  obtained. 
The welding parameters which form the  i n t e r r e l a t i o n s h i p  a r e  l i s t e d  i n  
Energy input i s  e a s i l y  obtained by using the  following equation: Table ,I. 
Equation (1) 
Energy Input = Voltage (vo l t s )  X Beam Current (amps) X 60 = Joule.s/in 
Carriage Speed (In./Min) 
A l l  of t h i s  weldigg was performed with the  minimum beam diameter a t  t he  
work piece sur face .  
used and should be used i n  a l l  subsequent welding operations.  
Therefore, t h e  maximum energy density/energy input was 
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Figure 5. E f fec t  of Varying th'e Beam Currento Beam Currents from Lef t  t o  
Right a r e  155, 130, 110, 90, 65, and 30 Milliamps 
Figure 6. Var ia t ions  i n  Weld Bead Geometry Caused by Changing A c c e l e r a t h g  
Voltages,  Voltages from Lef t  t o  Right are 15, 20 ,  and 2 5 . 5  KV. 
Table I. Aluminum Alloys,  
Thi ckne s s 
In  e 
0.020 
Accelerat ing 
Voltage (KV) 
8.5 
Beam 
Current (MA) 
25 
Speed 
In/Min e 
Energy Input 
Joules / In .  Alloy 
7075 -T6 
606 1 -T6 
3003 -0 
22 19 -T3 1 
22 19 -T3 1 
2020 
22 19 -T87 
7075-T6 
7075-T6 
7075 -T6 
5052 
2014 
7075 -T6 
2014 
6061 
95 132 
0.050 18 38 100 408 
0.063 44 
56 
76 
72 
67 
75 
80 
17.5 60 780 
0 064 780 
1260 
1260 
1140 
1260 
1332 
17.. 5 75 
0.100 
0.100 
21 75 
60 
85 
70 
90 
75 
66 
50 
17.5 
0.100 24 
0.125 20 
0.125 25 
0.125 62 1260 25.2 
0.250 140 2640 20.5 
23.4 
25.8 
30 
30 
0.250 92 2580 
0.500 155 45 
67 
5440 
23 5 
250 
0.500 6300 
0.625 65 6900 
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A graph was obtained by p l o t t i n g  mater ia l  thickness vs. energy input .  
(See Figure 7 . )  
t o  produce a weld possessing 100 percent pene t ra t ion  f o r  a given thickness of 
aluminum. Then using equation (I) (and using a r b i t a r y  values f o r  two of the 
unknowns) i t  i s  poss ib le  t o  obta ip  the  proper welding parameters. 
Using t h i s  graph an operator can obta in  the energy input required 
Obviously the re  a r e  some l i m i t a t i o n s  i n  t h e , u s e  of t h i s  method f o r  obtaining 
the  proper welding parameter s e t t i n g s .  The e l e c t r o n  o p t i c s  of the  e l e c t r o n  
gun usua l ly  determine the  beam cur ren t  f o r  a given acce le ra t ing  vol tage .  
by the  use of spacer r ings  o r  va r i a t ions  i n  gr id  p o t e n t i a l  a g rea t  many comb- 
ina t ions  of cu r ren t  and vol tage  s e t t i n g s  may be obtained. Therefore, with the  
above two known s e t t i n g s  t h e  t h i r d  va r i ab le ,  ca r r i age  speed, can be obtained 
e a s i l y .  Carriage speed i s  usua l ly  the  l a s t  parameter t o  determine a s  i t  has 
the  l e a s t  e f f e c t  on the  pene t ra t ion .  Previous tes t s  have shown t h a t  f o r  a 
given energy input ,  parameter s e t t i n g s  can be varied up t o  30 percent and have 
no e f f e c t  on the  pene t ra t ion  of  t he  weld. They w i l l ,  however, have a not iceable  
e f f e c t  on the  shape of the  weld bead. I n  some ins tances ,  the weld bead looks 
very s imi l a r  t o  one produced by the  gas tungsten a r c  welding process. 
But 
It must be s t r e s s e d  again t h a t  t h i s  data  and graph were obtained on only 
one type of machine, s o  the  values might be inco r rec t  f o r  a d i f f e r e n t  machine. 
This could be caused by d i f f e rence  i n  gun op t i c s  and va r i a t ions  i n  minimum 
beam diameter. However, t h i s  author a n t i c i p a t e s  t h a t  the  same theory w i l l  apply 
t o  each type of machine and t h a t  t he  same r e s u l t s  w i l l  be exhib i ted  only a t  
d i f f e r e n t  values e 
18 
0 
0 
PI 
0 
0 a 
0 
0 
ln 
0 
0 
3 
0 
0 m 
0 
0 
0 
a n 
l-i 
0 
0 
0 
o\ 
0 
0 
ln 
b 
0 
0 
0 a 
0 
0 
ln 
4- 
0 
0 
0 m 
0 
0 m 
rl 
0 
0 
0 
cv 
0 
0 
l-i 
0 
19 
DISCUSSION 
Question: Not audible  
M r ,  Schwenk: Y e s ,  I wo'uld say t h a t  i n  our s tud ie s  of e l e c t r o n  beam 
welding 2020 aluminum, w e  found t h a t  t he re  was a tendency i n  a l l  our welds t o  
vaporize t h e  l i th ium q u i t e  e a s i l y ,  thereby producing porosi ty  i n  weldments. 
They were approximately equal t o  the TIG weldments. 
advantage i n  e l e c t r o n  beam welding 2020 aluminum over conventional TIG welding. 
We found the re  was no 
Question: You pointed out  i n  the  very beginning, a r e l a t i o n s h i p  
between the  foca l  c u r r e n t  and t h e  penetrat ions.  I would l i k e  t o  inqu i r e  
where t h e  foca l  point  was physical ly  i n  the  p a r t .  This w e  found a t  Hamilton 
i n  our high vol tage equipment t o  be more meaningful than s p e c i f i c a l l y  j u s t  
t h e  foca l  cu r ren t .  Furthermore, a t  another point  you indicated t h a t  you 
var ied t h e  locat ion of t he  sample with regard t o  the  focus c o i l .  You d i d  
not  change the  foca l  current;however, t h i s  w i l l  a l s o  change the  foca l  point  
with regard t o  where i t  i s  i n  t h e  p a r t .  Would you c a r e  t o  comment on t h a t ?  
M r .  Schwenk: I w i l l  take your second quest ion f i r s t ,  and then I w i l l  
go t o  your f i r s t  question. Yes, t h i s  i s  a known f a c t  t h a t  i f  you vary the 
d is tance  between the  f o c a l  c o i l  and t h e  workpiece you w i l l  vary t h e  loca t ion  
of t he  f o c a l  point  o r  t h e  loca t ion  of t he  minimum beam diameter. We knew 
t h i s  before  w e  performed t h i s  tes t .  I t w a s  more of an academic tes t .  We 
did not  want t o  produce a l l  optimum weld beads and have them a l l  i d e n t i c a l ,  
w e  j u s t  wanted t o  f i n d  out  what e f f e c t s  t h i s  would produce by varying the 
d is tance  between the  c o i l  and the  workpiece. I n  regard t o  the  f i r s t  question, 
w e  des i red  t o  have t h e  minimum beam diameter. In  most of our s t u d i e s ,  w e  
have found e i t h e r  t he  top of t he  workpiece surface o r  down half-way between 
the  workpiece surface and the  body, half-way through the  ma te r i a l ,  t o  be the  
b e s t  loca t ion  f o r  t he  minimum beam diameter o r  t he  foca l  po in t ,  whichever 
you care  t o  c a l l  i t .  
D r .  Savage; Drawing on the  experience o f ' o t h e r  welding processes i n  
using the  energy input  a s  a parameter descr ibing penetrat ion,  or what have 
you, something i s  missing. It seems t o  me t h a t  i f  you use a d i f f e r i n g  depth- 
to-qidth r a t i o  f o r  d i f f e r e n t  thicknesses ,  t h e  volume of t he  heat-affected 
zone changes because of d i f fe rences  i n  the hea t  t r a n s f e r  c h a r a c t e r i s t i c s .  
Therefore, i t  seems t o  me  t h a t  you must def ine some other  parameter before 
you can draw t h a t  n i ce  curve you have there .  
M r .  Schwenk: The only answer I have t o  t h a t ,  i s  maybe i n  our s tud ie s  
We a r e  w e l l  aware t h a t  t he  wider 
a s  you saw on the  optimum weld bead; w e  did have somewhat excessive penetrat ion.  
I think t h i s  might overcome t h a t  problem. 
you ge t  i n  the weld zone, t he  more h e a t  t r a n s f e r  you ge t  i n  the  b a s i c  ma te r i a l ,  
thereby, increasing t h e  heat-affected zone and decreasing the  penetrat ion;  
however, w e  have found t h a t  w e  could go r i g h t  t o  t h e  graph and s t i l l  obtain 
100 percent penetrat ion even with a s h o r t  stubby w e l d .  This could be caused 
by the  thickness of t h e  ma te r i a l .  We d id  not  go i n t o  r e a l  t h i ck  ma te r i a l .  
It i s  our assumption t h a t  t h i s  might work okay an thinner  gage ma te r i a l ;  
however, I do agree with you t h a t  t h i s  would be a ,  very important f a c t o r  i n  
going i n t o  much th i cke r  mater ia l  above what w e  worked on, 
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M r .  Chyle: One of t he  problems w e  have i s  the  undercuts w e  ge t  on the  
top s ide .  
t r u e  t h a t  t h i s  i s  a problem -- g e t t i n g  these shallow undercuts along the edges? 
How do you g e t  r i d  of those? 
I noticed on your ' s l ides  t h a t  you did have undercuts. I s n ' t  i t  
M r .  Schwenk: Believe m e ,  if I knew, I would -answer a l l  t he  quest ions,  
because r i g h t  now I have two p ro jec t s ,  one on t i tanium and one on l ad i sh  
DGAC where the  requirements a r e  t h a t  they possess no undercuts. 
I don ' t  know how I am going t o  ge t  around t h a t  because they w i l l  no t  accept 
beaut i fying passes.  Industry i s  not  t h a t  worried about t he  p rope r t i e s  of t he  
weldment, and i t  i s  not  t h a t  c r i t i c a l  t o  go over t h e  f i r s t  pass with a s o r t  
of a defocused beam, o r  a beam of less power t o  put a cosmetic o r  beaut i fying 
pass t o  remove the  undercuts. However, on my work, I cannot do t h a t ,  and we  
a r e  running i n t o  one heck of a problem t r y i n g  t o  remove t h e  undercuts. 
t o  admit t h a t  on those other  samples the re  were undercuts. Maybe i t  did not  
show up on the  exac t -c ross  sec t ion  I showed on the s l i d e  -- I did not  mean it  
t h a t  way -- but  w e  s t i l l  g e t  undercuts on most of our welds. I w i l l  say one 
thing,  on a thinner  gage the re  i s  a tendency t o  g e t  away from the  undercut. 
I d id  do a weld on t i tanium, where we had t h e  requirement "no undercut". I n  
order t o  overcome t h i s ,  I decreased t h e  speed and everything down t o  almost 
nothing. I got  a r e s u l t a n t  TIG weld using t h e  e lec t ron  beam process,  and t h i s  
weld d id  not have an undercut. 
Actual ly ,  
I hqve 
M r .  Orr: I l i k e  t h a t  "beautifying pass". I think I ' m  going t o  remember 
t h a t  one, 
Question: Don't you f e e l  t h a t  t he  information you go t ,  even though it  
i s  extremely use fu l ,  i s  very s p e c i f i c  t o  the  gun design t h a t  you used? The 
question comes t o  my mind what type of gun i t  i s  -- i s  i t  a diode, t r i o d e ?  
I know i t  i s  low voltage.  
M r .  Schwenk: This was a Pierce-type gun. 
Question: It i s  my f e e l i n g  t h a t  when you present information such a s  
t h i s  you should be very s p e c i f i c  about the gun design, which I f e e l  i s  a very 
important parameter. 
M r .  Schwenk: I go along with t h a t  100 percent.  I think I s t a t e d  t h a t  
a l l  of t h i s  data  pertained j u s t  t o  our machine, although I f e e l  t he  same 
theory behind what w e  performed and the  energy input w i l l  be appl icable  t o  
o the r  types of machines. 
t r a n s f e r  
This i s  g e t t i n g  now i n t o  a meta l lurg ica l  and hka t  
problem which i s  not  dependent on the  type of hea t  source. 
Question: The question I have i n  my mind i s  whether the same kind of 
t rend would be obtained with a high o r  low voltage.  I am no t  sure  i t  would, 
I think your optimum condition-might be spread out t o  a much g rea t e r  degree 
than you have here .  
M r .  Schwenk: Then you have a d i f f e r e n t  minimum beam diameter. Am I 
c o r r e c t  i n  assuming t h a t  the minimum beam diameter i s  much l a r g e r  with t h a t  
type of gun than it  i s  wi th  ours ,  o r  t he  gun w e  used i n  our study? 
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M r .  Zenamond: I am curious about the  f i l l e r  metal i n  the  e l ec t ron  
beam. What worK i s  being done wi th  the  f i l l e r  metal? 
done about taking the  beam out  of the  vacuum? 
Also, what i s  being 
Mr. Schwenk: I th ink  the re  i s  a gentleman i n  the  audience who could 
answer t h e  quest ion about taking i t  out  of t h e  vacuum b e t t e r  than I could; 
however, I w i l l  t r y  t o  answer t h a t  quest ion.  Hamilton Standard has  been 
spending qu i t e  a b i t  o f  money and t i m e  i n  developing a welder t o  w e l d  ou ts ide  
of a vacuum. Alloyd General i n  Boston, Mass. had a con t r ac t  with the A i r  
Force about two years  ago, and when t h a t  con t r ac t  expired,‘  Hamilton Standard 
then was awarded an AF con t rac t .  From what I can understand, they can weld 
about 314 inch s t a i n l e s s  s t ee l  ou ts ide  of a vacuum on t h e i r  u n i t .  A s  f a r  a s  
the  use of f i l l e r  metal ,  I th ink  i n  the  A I A  spec i f i ca t ion ,  which was j u s t  
accepted, t he re  i s  a provis ion t h a t  the  manufacturers -have t o  supply a .wi re  
feed u n i t  w i th in  the  chamber f o r  f i l l e r  wire add i t ion  while welding, 
Question: Did t h a t  t e n d . t o  a l l e v i a t e  t h e  undercut you have? 
MI;. Schwenk: Yes, t h i s  i s  the assumption of a number of people i n  the 
indus t ry ,  t h a t  i f  you add f i l l e r  wire you should remove the undercut; however, 
w e  have n o t  employed any t e s t  i n  the  use  of f i l l e r  w i r e .  I d id  one very 
s i m p l e  experiment on molybdenum where I found t h e  addi t ion  of f i l l e r  wire 
did not so lve  the undercut. I do not  f e e l  t h i s  i s  synonymous throughout 
a l l  welding schedules.  
M r .  O r r :  I th ink  w e  would a l l  l i k e  t o  w e l d  ou t  of a vacuum. Gordon 
Parks, do you’have anything you would l i k e  t o  say about a couple of programs 
w e  have on Plasma Electron Beam t h a t  w e  have some hopes fo r?  
M r .  Parks: A r ecen t ly  e s t ab l i shed  con t r ac t  between the  General E l e c t r i c  
Advanced Technology Laborator ies  and NASA, Marshall Space F l igh t  Center,  
w i l l  develop the  plasma e l ec t ron  beam welding process f o r  app l i ca t ion  t o  
space vehic le  f ab r i ca t ion .  The PEB process o f f e r s  t h e  po ten t i a l  of welding 
i n  a low.pressure,  i n e r t  gas atmosphere, helium o r  argon, thus reducing’the 
mechanical problems of the  hard vacuum system. Pressures  of 1 t o  50 microns 
a r e  used wi th  t h i s  process.  With the app l i ca t ion  development of t h i s  process,  
i t  w i l l  be  poss ib le  t o  use small por tab le  chambers s imi l a r  t o  b e l l  j a r s .  
Continued development should p e r m i t  t h e  out-of-chamber appl ica t ion .  
M r .  Orr: Thanks, Gordon. 
M r .  Wuenscher: Did you look i n t o  the  dependency of the  energy input  
requirement of pene t ra t ion  on the d i f f e r e n t  a l l o y s ?  In  o ther  words, d id  you 
a s s o r t  your high s t r eng th  aluminum a l l o y s  wi th  respec t  t o  the  energy’requi re -  
ment t o  f i n d  out whether the  copper conten t  o r  t he  magnesium content  i n  t h i s  
c e r t a i n  a l l o y  would promote the  pene t ra t ion  o r  minimize the  energy requirement? 
M r .  Schwenk: No, I would say w e  d id  not  look i n t o  i t  t h a t  c lose ly ;  
however, a l l  the  da ta  I have l i s t e d  he re  d id  pe r t a in  t o  the 6 and 7 thousand 
and 2 thousand s e r i e s  a l l o y s .  However, w e  d id  have some 3 S aluminum and we 
t r i e d  o ther  aluminum a l loys .  We found t h a t  w i th in  a small  range -- you no t i ce  
t h a t  was not  a s t r a i g h t  l i n e ,  i t  was more of an area - -  w e  could g e t  100 percent  
pene t ra t ion  i n  a l l  the  aluminum a l l o y s  which w e  inves t iga ted .  So,  I would have 
t o  say r i g h t  now t h a t  t o  my knowledge, the  ac tua l  content  did not  have t h a t  
much of an e f f e c t  on penet ra t ion  o r  the  weld bead conf igura t ion .  
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M r .  Wuenscher: On the other  hand, i t  showed t h a t  when you go t o  a 
t h i cke r  gage, your.diagram went up t o  h a l f  an inch o r  an inch. 
a 4 or  5 inch gage, then your band width i s  very wide. You might have a 
grea t>  d i f fe rence  i n  energy requirement depending on t h e  a l l o y .  
I f  you go t o  
M r .  Schwenk: Yes, I agree with you one hundred percent,  and the only 
thing I can add i s  t h a t  I th ink  t h a t  maybe on some of the newer machines -- 
our machine i s  approximately 3% years  olds-which have the c a p a b i l i t y  of welding 
5 and 6 inches of aluminumlthat t he  band would not be a s  wide a s  you approach 
7/10 inch thickness .  This i s  approaching the  maximum thickness t h a t  i s  weld- 
a b l e  on our machine, and I th ink  t h a t  i s  why w e  a r e  g e t t i n g  a s c a t t e r .  
graph was not  t h a t  good; t he  l i m i t s  were too f a r  apa r t .  The presentat ion 
people drew up the  d r a f t ,  and I think they could have made t h e  l i m i t s  much 
c l o s e r  e 
The 
M r ,  Wuenscher: Yes, t h a t  i s  t he  quest ion,  whether t h a t  band width comes 
from the d i f f e r e n t  a l l o y s ,  f o r  you had a l a rge  number of d i f f e r e n t  a l l o y s ,  
not j u s t  one, o r  whether t h i s  i s  the  inaccuracy of t h e  tes t .  
M r .  Schwenk: I would say the re  i s  pr imari ly  some d i f fe rence  i n  the  
penetrat ion due t o  the  composition of t he  aluminum a l l o y ;  however, w e  found 
i n  our work t h a t  t h i s  oniy had a very s l i g h t  e f f e c t  on the  graph. 
M r .  Martin: How'much vacuum did you have under those t e s t s  you 
What was the s t rength  of the wgldment t o  the  unwelded specimen, recorded? 
t h a t  i s ,  t he  specimens which you required t o  have an accdptable weld? What 
standards do you have on t h e  weldments? 
M r .  Schwenk: The f i r s t , q u e s t i o n  i s  very easy t o  answer. We welded under 
a pressure of 1 x 10 t o  the  minus microns, o r  milometers of mercury f o r  1/10 
of a micron of pressure.  To the second quest ion,  I would say t h a t  i n  most 
of our s tud ie s ,  w e  d id  not  eva lua te  o r  d e s t r u c t i v e l y  tes t  t h e  weldments t h a t  
were produced. We, looked a t  them more from a meta l lurg ica l  standpoint ins tead  
of from a mechanical standpoint.  Some of. these a l l o y s ,  l i k e  7075-T6 aluminum, 
w e  d id  t e s t  des t ruc t ive ly ,  and w e  go t  r e s u l t s  s l i g h t l y  superior  t o  those 
exhibi ted by TIG welding; however, there  was no major diffenence. I n  2219, 
w e  d id  f ind a very s l i g h t  increase of proper t ies  over those produced by 
conventional welding. These were about t he  only ones w e  t e s t e d  mechanically. 
Question: What was the  approximate r a t i o  of s t rength  i n  unwelded t o  
welded specimens? 
M r .  Schwenk: I would say t h a t  on the  7075, i t  was around 75 percent 
and on the  2219, i t  was around 42,000 p s i  on the -T87 condition. 
M r .  Robeletto: I would l i k e  t o  comment on one thing.  We have j u s t  
completed a program f o r  NASA on EB welding, and our r e s u l t s  more o r  less confirm 
those of M r .  Schwenk on t h e  e f f e c t  of mater ia l  on penetrat ion,  Weddid not  
f i n d  very much d i f fe rence  between copper-bearing and magnesium- bearing a l l o y s .  
However, t he re  was q u i t e  a s u b s t a n t i a l  d i f fe rence  i n  the  width of the weld. 
Another thing w e  determined was t h a t  beam o s c i l l a t i o n  was very e f f e c t i v e  i n  
changing the depth of penetrat ion even with constant  ekergy inputs .  
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M r .  Schwenk: That i s  one way of removing some of the undercuts.  You 
might possibly be a b l e  t o  remove t h e  undercuts by d e f l e c t i n g  the  beam t ransverse  
'-0 t h e  weld bead, This,  i n  some cases  w i l l  remove t h e  undercut. Normally, 
i t  would be p a r a l l e l  t o  t he  weld  bead. On some u n i t s  you can o s c i l l a t e  the 
beam t ransverse  t o , t h e  weld bead, and t h i s  w i l l  removeesome of the undercuts.  
M r .  Gaw: I would l i k e  t o  inqu i r e  a l i t t l e  more about your technique 
f o r  measuring the  diameter of your e l e c t r o n  beam. W& have ta lked about t he  
importance of determining these var iab les  p r e t t y  s p e c i f i c a l l y ,  and i n  order 
t o  make t h i s  conference r e a l i s t i c ,  I would l i k e  t o  establish'  t h e  means by 
which you f i x  your beam diameter p r i o r  t o  making the  weld? 
M r .  Schwenk: This again i s  by the use of graphs, and a s  the gentleman 
usual ly  saysewhen he g e t s  up t o  make an impromptu speech, "Well, I j u s t  had 
the speech i n  my pocket." I f e l t  t h a t  
t h i s  would be a quest ion,  and I think by use of s l i d e s  I can show i t  much 
e a s i e r  than i f  I went up the re  and t r i e d  t o  explain i t  i n  my own words. 
I j u s t  do have s l i d e s  t o  show t h i s .  
M r .  O r r :  You have s l i d e s  r i g h t  now? 
M r .  Schwenk: Y p ,  p r i o r  t o  p u t t i n g  on t h e  s l i d e ,  I w i l l  t r y  t o  t e l l  
you what we did.  We r o t a t e d  a tungsten rod 1/16th inch i n  diameter through 
the e l e c t r o n  beam. This rod was r o t a t e d  through the  beam a t  a n  average speed 
*of 1100 RPM. Then, w e  picked up the electr i 'cal  input  from t h i s  rod, and we 
fed i t  t o  a n  .oscil lograph. We then took polar iod p i c tu re s .  We could g e t  a 
l i t t l e  b l i p  l i k e  t h i s  on the  p i c tu re s ,  and by r e l a t i n g  the speed of t h e  rods,  
we then determined what t h e  minimum beam diameter was. This i s  b a s i c a l l y  a 
very simple osci l lograph with a polar iod camera r i g h t  he re .  
wires coming i n  go through the chamber. Of course,  during our study, the 
doors a r e  c losed,  and we operate  i n  a vacuum. This %s the  tungsten rod r i g h t  
he re ;  we pass t h i s  through the  beam. The beam i s  d i rec ted  on a copper block. 
The copper block i s  t h i s  f i n g e r ,  and the rod w i l l  pass l i k e  so through the 
beam which i s  h i t t i n g  the  copper block. W e  then pick up the e l e c t r i c a l  input  
on t h i s  rod. We f e e d  i t  t o  the osci l loscope,  and by t h i s  means, we can then 
determine t h e  minimum beam diameter f o r  a given vol tage l eve l .  
Now, a l l  of these 
Question: How i s  t h a t  s e n s i t i v e  t o  the focus? For impact? 
Mr. Schwenk: Yes, t h i s  i s  dependent both on focus and beam diameter. 
From t h i s  procedure, we determine the d is tance  o r  t he  focusing c u r r e n t  we have 
t o  spply i n  order  t o  obta in  the minimum beam diameter. I think maybe the  next  
sl ide.  w i l l  show i t  c l e a r e r .  Well, t h i s  i s  e s s e n t i a l l y  i t .  This i s  a l i t t l e  
flywheel. Coming out  r i g h t  here i s  t h e  tungsten rod which w i l l  i n t e r c e p t  t h e  
beam. And by picking up the  e l e c t r i c a l  input  on the osci l lograph,  and taking 
p i c tu re s  of i t ,  w e  a r e  a b l e  t o  determine t h e  width of t h e  beam. We took a 
given vol tage,  say 15 KV, with the  maximum beam c u r r e n t  obtainable  f o r  t h a t  
vol tage.  
and we var ied  the focusing cu r ren t .  This then showed us d i f f e r e n t  t i m e  
elements on the  scope, thus we could determine t h e  minimum beam diameter 
f o r  a given vol tage.  
We kept a one inch dis tance between the rod and the  e l e c t r o n i c  gun, 
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When we t e l l  engineers  and s c i e n t i s t s  how t o  design experiments we run 
the r i s k  of i n s u l t i n g  someone or  a t  l e a s t  we r i s k  boring everyone with the 
fundamentals of cause and e f f e c t  and log ic .  However, a f t e r  l i v i n g  with these 
problems i n  our own shops and labs  throughout the i n d u s t r y , i t  became aeparent 
t h a t  a b e t t e r  method of weld experimentation and eva lua t ion  was badly needed. 
How o f t e n  do we  read welding r e p o r t s - t h a t  conta in  conclusions t h a t  are 
j u s t  not s u p p x t e d  by the  d a t a ?  How o f t e n  do we a t tempt  to  t e s t  the e f f e c t  of 
some p a r t i c u l a r  weld va r i ab le  without having the process under cont ro l  or  perhaps 
without taking the ' t ime t o  determine i n  advance what technique of eva lua t ion  
w i l l  be used? How o f t e n  have we  seen conclusions drawn from t e n s i l e  da ta  t h a t  
one treatment i s  super ior  t o  another when there  i s  more v a r i a t i o n  between 
t e n s i l e  values  within each treatment than the v a r i a t i o n  between the average' 
values used t o  compare t reatments? I n  t h i s  example the re  i s  no s i g n i f i c a n t  
d i f fe rence  between t reatments .  To the s t a t i s t i c i a n  t h i s  statement i s  no vague 
gene ra l i t y  or matter of opinion, r a t h e r  i t  i s  a prec ise  statement a r r ived  a t  
through very exact ing mathematical ca l cu la t ions .  
Several  years ago w e  made a q u i e t  survey of the leaders  i n  a i r c r a f t  welding 
and found t h a t  everyone was using the "cut and t ry"  s y s t e m  of weld optimi- 
za t ions .  
of the engineer ,  However, the c r i t e r i o n  f o r  success was the ease  with which a 
weld was produced r a t h e r  than s p e c i f i c  physical  p rope r t i e s .  
This system of course was only as good as the  expetience and s k i l l  
With the  advancement of instrumentat ion s u i t a b l e  f o r  recording the 
bas i c  welding var iab les  o r  parameters ,  we come t o  the  "c l a s s i ca l "  s c i e n t i f i c  
technique of analyzing the e f f e c t  of each va r i ab le  by changing only one of them 
a t  a time while holding the  o thers  such a s  vol tage ,  cu r ren t ,  t r a v e l  speed, o r  
w i r e  feed cons tan t  and observing responses o r  the change produced i n  the weld. 
The da ta  obtained from t h i s  experimental design i s  e a s y . t o  analyze but  
severe ly  l imi ted  a s  t o  the inferences t h a t  can be made from the r e s u l t i n g  da ta .  
For example, i f  we p l o t  the three  welding va r i ab le s  of cu r ren t ,  vo l tage ,  
and weld t r a v e l  on an  XI - 
a t  which da ta  i s  taken f o r  :*"classical" experiment. With an assumed optimum 
weld s e t t i n g  represented by the center of the  cube we  explore  i n  a l l  three 
d i r ec t ions  along the axes leaving most of the cube completely unexplored. No 
repea t  runs o r  r e p l i c a t e s  a r e  made; therefore , the  confidence l i m i t s  of  the 
r e s u l t s  cannot be ca l cu la t ed .  Also,  very l i t t l e  can be in fe r r ed  about possible  
in t e rac t ions  between the var iab leg  i n  combination. (See Figure 1.) 
- X3 a x i s  t o  form a cube we can v i sua l i ze  the poin ts  
Now le t s  t r y  a s t a t i s t i c a l l y  designed experiment. A s t a t i s t i c a l l y  
designed experiment i s  a plan f o r  taking da ta  so t h a t  t he  l e a s t  da ta  points  
give the most da ta  and the most r e l i a b l e  information. 
the system of ana lys i s  t o  be used. 
The plan must include 
W e  can compare a very s i m p l e  "rotatable"  design t o  the "c l a s s i ca l "  
design previously i l l u s t r a t e d .  
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Figure 1 .  Data Points for Classical Experiment Design with Three Variables. 
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I n  the case of the s t a t i s t i c a l ,  r o t a t a b l e ,  design f o r  analyzing the 
e f f e c t  of the va r i ab le s ,  we can v i sua l i ze  the  same cube with the assumed optimum 
s d t t i n g  of the three  va r i ab le s  a t  the  cen te r .  The s t a t i s t i c a l  design may c a l l  
f o r  a data  poin t  a t  each corner of the cube and one a t  the  same d is tance  beyond 
each cube face  center  and perhaps 5 r e p l i c a t e s  c lus t e red  around the assumed 
optimum. From the i l l u s t r a t i o n  i t  i s  apparent t h a t  the e n t i r e  volume of the cube 
i s  explored. From an ana lys i s  of the r e s u l t s  very accura te  inferences may be 
made a s  t o  any in t e rac t ions  between the va r i ab le s .  Since the r o t a t a b l e  design 
provides an est imate  of experimental e r r o r ,  we a r e  a l s o  ab le  t o  compute 95 per- 
cen t  and 99 percent confidence i n t e r v a l s  about the responses.  One advantage 
of t h i s  design is t h a t  t h i s  confidence i n t e r v a l  i s  approximately uniform over 
the range t e s t ed .  (See Figure 2.)  
We a r e  unable t o  v i sua l i ze  more than three  dimensions; however, the 
computer has no d i f f i c u l t y  handling simultaneously a s  many a s  10 var iab les  and 
a s  many responses.  
The s t a t i s t i c a l  branch of mathematics i s  not new. However, i t s  appl ica t ion  
was l imited due t o  the tedious ca l cu la t ions  involved. I n  order t o  reduce the  
manhours involved i n  ca l cu la t ions ,  the so lu t ions  were o f t e n  over-s implif ied,  
thereby reducing t h e i r  e f fec t iveness .  The high speed, d i g i t a l ,  computers 
changed tha t .  Problems previously requi r ing  years on a desk ca l cu la to r  now 
requi re  only minutes on the computers. 
Today the engineer and s t a t i s t i c i a n  together form a very powerful team. 
The welding development engineer who does not a v a i l  himself of the serv ices  o f  
the s t a t i s t i c i a n  and computer w i l l  be operat ing a t  a severe disadvantage. 
I n  t h i s  profession w e  enjoy coining and adopting co lo r fu l  words and phrases 
t o  descr ibe our processes.  
caught on? Now we have a whole new vocabulary with which to  amaze our assoc i -  
a t e s .  We w i l l  hear more and more about such things as  the i n t e r v a l s  f o r  95 per- 
cent  and 99 percent confidence,  ana lys i s  of var iapce,  regress ion  ana lys i s ,  
r e p l i c a t i o n ,  confounding, randomization, and in t e rac t ion .  
Remember how the words conf igura t ion  and parameters 
Before you plan your next welding t e s t ,  e n l i s t  the heAp of a good 
s t a t i s t i c i a n .  You w i l l  f i nd  t h a t  the bas ic  p r inc ipa l s  of any well  planned 
experiment s t i l l  apply. There i s  no s u b s t i t u t e  f o r  prec is ion .  Neither s t a t i s t i c s  
nor computers can make good da ta  out  of bad da ta .  As i n  a l l  wel l  planned 
experiments we must  e s t a b l i s h  the bas ic  s t eps  of procedure. 
1. Specify exac t ly  what i s  t o  be determined i n  each t e s t .  
2 .  Design the t e s t  t o  produce most r e l i a b l e  da ta  t h a t  w i l l  be s u i t a b l e  fo r  
ana lys i s  ( S t a t i s t i c a l  Design). 
3 .  Outl ine the an t i c ipa t ed  method of ana lys i s .  
i n  a form t h a t  i s  s u i t a b l e  f o r  d i g i t a l  programming f o r  computer 
ana lys i s  e 
The response data must be 
4 .  Take the da ta .  
5 ,  Analyze the r e s u l t s .  
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Figure 2 .  Data Points for Stat i s t i ca l  Experiment Design w i t h  Three Variables. 
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For welding test  a t  t h i s  t i m e  we a r e  b a s i c a l l y  using only two s t a t i s t i c a l  
Th"e Analysis of Variance technique i s  the s implest  but widely techniques. 
used where we want t o  determine, with ca l cu la t ed  mathematical p rec is ion ,  the  
e f f e c t  of varying one o r  a number of the  va r i ab le s  o r  i n  comparing two s imilar  
.components of a system such as power suppl ies ,  o r  t o  e s t a b l i s h  the r e l a t i v e  
importance of a l a r g e  number of welding va r i ab le s .  
from the  ana lys i s  of -variance w e  have an  IBM 7094 program '.'General Analysis of 
Variance o r  Co-Variance" Lockheed-Georgia Deck No. 327400. 
For ana lys i s  of the  da ta  
The second s t a t i s t i ca l  technique- tha t  we a r e  using i s  the  Regression 
Analysis. This technique f i t s  a l i n e  t o  your da ta  poin ts  by the least  squares 
technique and descr ibes  the  l i n e  i n  the form of a quadra t ic  equation, 
t h i s  technique the optimum combination of the s e t t i n g s  of a l l  of t he  welding 
var iab les  may be a r r ived  a t  quickly.  
IBM 7094 program "S tepwise Multiple Corre la t ion  and Regression", Lockheed- 
Georgia Deck No. 3314.00. 
By using 
For the ana lys i s  o f  t h i s  data  we have an 
It i s  our purpose t o  show t h a t  s t a t i s t i c s  can be used advantageously on 
the s implest  of tests t9  produce much b e t t e r  and more r e l i a b l e  da ta  a t  l e s s  cos t .  
I f  we are a b l e  t o  cons is ten t lymake  a mechanized weld, we are ready t o  optimize 
and analyze our weld by using s t a t i s t i c a l l y  designed and analyzed experkments. 
The bas i c  mechanics of accomplishing t h i s  a r e  as fol lows:  
1, Design the experiment with he lp  of s t a t i s t i c i a n .  
82. Run the weld tes t  with as much prec is ion  and accuracy poss ib le .  
3 .  Record the d a t a .  This  includes the va r i ab le s  of cu r ren t ,  vo l tage ,  
t r a v e l  speed, w i r e  feed,  and o thers .  The responses of t e n s i l e  
values ,  pene t ra t ion  depth,  area,  o r  any o the r  response must be put 
i n  numerical form. For ins tance ,poros i ty  l eve l s  must-be graded by 
number i n  order  t o  be acceptable  t o  the  d i g i t a l  computer programs. 
4 .  S e l e c t . t h e  proper computer program f o r  the  ana lys i s  of the da ta  
and f i l l  ou t  a data  t r a n s m i t t a l  shee t .  This i s  merely a c le r ica l  
opera t ion  of t r ans fe r r ing  the  welding da ta  i n  the proper sequence f o r  
the  p a r t i c u l a r  computer program involved. 
5. lvaake the  computer run (Computer Operations).  
' 6 .  Analyze the  computer p r i n t o u t  with your s t a t i s t i c i a n .  
I 
7 .  Transfer  equations and l i m i t s  over which we are i n t e r e s t e d  t o  da ta  
t r ansmi t t a l  shee t  f o r  computer so lu t ion  and p r in tou t  of a l l  the  
des i red  combinations (Clerc ia l  Operation) e 
Make computer run (Computer Operations) IBM computer grogram "Evaluation 
of General Quadratic Equations Involving N Independent Variables", 
Lockheed-Georgia Deck No 3480 
8 
9 .  Analyze p r i n t  ou t  from computer by scanning o r  by graphica l  
presenta t ion .  
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A new method of curve or surface presentation is being developed at 
Lockheed, 
plotting, it is possible to obtain from the X-Y platter an automatic visual, 
dimensional approach to understanding what responses the weld variables are 
producing. 
By programming the regression analysis fonnula for three-dimensional 
Now we are in a position to tell the design engineer what the possibi- 
lities are as far as physical values of the weldment are concerned and ask him 
to tell us what particular value he wants for any particular design application. 
For example, when welding 2219 aluminum we find that the maximum ultimate 
strength does not coincide with the maximum yield strength or the optimum 
elongation. 
for graphical presentation so that the design engineer and the welding engineer 
may easily,choose the combination of physical responses desired and select the 
combination of welding variables to produce that result. 
and 5.) The graphical presentations represent a series of curves or lines 
which form planes or surfaces of response. Previously we have been attempting 
to use simple curves for analysis that represent only one cross section of the 
entire response surface involved. 
The statistics and computers' have increased rather than decreased the 
The computer output of our programed data may be easily plotted 
(See Figures 3 ,  4 ,  
burden of responsibility of the welding engineer to produce good, precise, and 
repeatable data. 
reveals with mathematical precision, just how good our data are. 
Fortunately, or unfortunately as the case may be, the computer 
If there is any one key to good weld data,it is instrumentation. With 
good instrumentation and careful control of all of the variables, it is possible 
to utilize this new statistical computer tool to a maximum by transferring 
weld set-up data. 
The conclusions from previous programs indicated several'definite 
welding parameters that require considerable attention if we are able to transfer, 
with confidence, weld settings from machine to machine and from facility to 
facility. For example, we now realize that weld torch resistance, helium 
shielding gas quality, and tungsten electr6des are variables that must be 
accurately controlled. These items, and many others, that were previously 
thought to be constant, must be controlled with the same precision as the 
conventional variables of current, voltage, and weld travel speed. In each 
case it is necessary to determine the degree of control that we are able to 
maintain in comparison with the significance of each variable, and their 
interactions to the welding process e 
Three erratic variables, previously thought to be constant, are welding 
torch resistance', shielding gas contamination, and tungsten electrodes. 
For ideal measurement of the welding arc, the voltage recorder leads 
should be connected to the electrode and the work as close to the arc as - 
possible. 
must be connected to the head of the body assembly. 
includes the voltage drop or IR drop in the welding torch barrel assembly, 
collet, and the electrode as well as the welding arc. 
torches has been measured to vary with different manufacturers by as much as 
- 3  volts when welding at 500 amps. 
This connection is not practical in the welding torch and the leads 
The recording then 
The IR drop for welding 
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Figure 4. Predicted Welding Responses at 11.3 
Volts. 
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In anticipation of requirements for higher amperages and longer welding 
cycles, Lockheed has developed a gas tungsten arc torch capable of operating 
continuously at 1000 amperes. 
completely brazed watertight, thus eliminating moisture leakage. The design 
is such that the IR drop is consistently below .080 volts at 500 amperes. 
The water cooling system of this torch is 
Variations in the TIG torch resistance will affect transferability of 
the weld set-up parameters. 
in the welding configuration show voltage drops ranging from-a maximum of 
0.647 volts to a minimum of 0.124 volts. 
uncontrolled variation of 0.523 volts in the set-up parameters. 
Development of Techniques for Multi-Pass Welding" (Nas 8-5334) project , the 
qaximum and minimum voltage settings established for a square butt joint in. 
one-inch thick 2219 aluminum alloy were 11.4 to 11.8 volts. 
spread of only 0.4 volts, an 
these weld settings untransferable. 
Preliminary tests on three torches and electrodes 
In practice, this could produce an 
From "The 
With an allowable 
uncontrolled variation of 0.523 volts will make 
The electrical resistance from the tungsten electrode through the holding 
collet has been determined on TIG torches from three manufacturers. With 500 
amperes passin'g through the torch, the millivolt drop across the collet was 
recorded using the Minneapolis-Honeywell Electronic 17 recorder. The variation 
in voltage drop was determined and recorded by repeated tightening and re- 
tightening the collets. The same tugnsten electrode was used for all torches 
during a test series for itandarization, 
Variations from 67 to 263 part per million impurity in helium are being 
detected. 
potential of the shielding gas resulting in erratic changes in the welding arc 
voltage. 
contamination of the weld, and consistent purity is required for a constant 
welding arc voltage control. 
Small changes in gas purity cause a change in the ionization 
High purity shielding gas is required to prevent matallurgical 
Another example of an uncontrolled variation affecting transferability 
df the weld parameters was evident in the helium shielding gas analysis tests 
conducted during previous projects. At intervals during the project, the 
voltage control became erratic. 
after installing a new cylinder of helium. 
"good" and "bad" cylinders of helium were isolated and subjected to analysis 
by chromatography flame photometer, infrared gas cell and CEC moisture 
monitor. 
pectively for the "good" and "bad" gas. 
This was noticed particulakly on the f irs t  weld 
By welding with several cylinders 
The results showed impurity of 67 and 263 parts per million res- 
A literature and correspondence survey has been conducted covering 
specifications, procedures for filling, and geneWl information on helium 
shielding gas. 
for Lockheed-Georgia Company specifying no more than 50 ppm impurity. 
From this study, revised purchase 'specifications were written 
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The voltage drop caused by electrical resistance of the electrode has 
not been established. 
ature and when operating at incandescent temperatures this IR loss is a 
significant factor. 
ation for uniformity are the tip configuration, surface condition, and 
metallurgy. 
electrode density, emission stability, and weld quality. 
However, the resistance is known to change with temper- 
Other characteristics of the electrode requiring consider- 
Our pilot studies hdicate a possible correlation between tungsten 
The electrical resistance of the torch barrel and head assembly has been 
This unit offers very little electrical resistance. 
determined by using a dummy copper electrode and collet silver soldered as one 
unit. 
we have been able to isolate and record the electrical resistance of the 
barrel. 
By this procedure 
Moisture Monitor Test 
It is suspected that the greatest harm caused by torch leakage is. that 
minute leakage of water to the arc area.is normally undetecteble during the 
weld cycle. The moisture monitor could make possible a continuous sampling 
of shielding gas prior to, during, and after the weld cycle. 
Automatic TIG Welding Head 
Weld head response speed should be analyzed by recording the tachometer 
feedback system of the automatic head simultaneously with the arc welding 
voltage and the arc length. A study of these three recordings may indicate 
a direction for improving the weld head control system. 
Recordings should be examined for use in evaluation of automatic welding 
head control system using proximity controls in comparison to voltage control 
systems. 
Weld puddle agitation is known to cause the welding arc voltage to 
fluctuate. 
is minimized. However, this allows the head and arc voltage to wander. An 
evaluation of recordings showing the arc voltage, length, speed of response 
and current with a fixed and an automatic head may determine the effects 
puddle agitation has on the welding control system. 
With a slow head response the corrective action taken by the head 
Previous welding tests indicate that there is a minimum arc voltage at 
which the TIG automatic head will maintain control. 
below the minimum, there is a definite loss of head control by "diving in" 
When the arc voltage drops 
See Figure 6 . )  
i 
Once this point is determined, it may be used as a rough voltage 
calibration reference point. 
operating below the metal surface and no filler wire is used. 
This can be very useful where the electrode is 
Thisminimum arc voltage point is known to change with different alloys 
but is believed to remain constant with each alloy and is not influenced by 
external resistance of the torch or electrode. 
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Carriage travel speed variations should be measured by recording the 
voltage output of the tachometer feedback generator. 
to the distance traveled for a period of time for calibration of the recording 
instruments and accuracy of the carriage speed control system. 
These data may be related 
Filler wire speed may be monitored by recording of the voltage output 
A slow 
of the tachometer feedback governor system. 
given period of time may be measured and used for speed calibration. 
speed tachometer may be used to record and maintain wire speed. 
The length of wire consumed for a 
Environmental Factors 
Variations in weldment surface conditions, and the resultant effects on 
weld quality, should be investigated by comparisons of hand filing versus 
scraping thg weld joint prior to welding,using data from the two methods to 
determine the optimum method. 
microphotos of the surface conditions and recording the resultant effects upon 
the arc voltage regulation. 
This analysis may be accomplished by examining 
The anticipated use of welding procedures using torches in tandem make 
it necessary to know and control the effect of preheating caused by the weld arc. 
The temperature of the metal prior to welding is a variable that affects 
penetration, under-cutting, and, ultimately, the strength and transferability 
of the weld settings. 
make compensating adjustments- to the weld parameters. 
We must anticipate the effect of this variable and to 
Tests should be conducted to determine the significance of this weld 
variable e 
Previous tests have been made to determine the effect of joint misalign- 
ment where one-half of the weld joint is raised above.the plane of the opposite 
half of the workpiece. 
contraction of the workpiece when related to repeatability or transferability 
of weld settings must be investigated.. It is believed that tolerances in 
joint fitup, tack welding, and expansion of the joint ahead of the arc con- 
tribute to an uneven preheating effect on the workpiece and therefore results 
in variation in penetration bf the weld. 
The effect of point separation caused. by expansion and 
The arc voltage - current-wire speed parameters cannot at present be 
transfeered without compensations being made in one os more of the variables. 
A major difficulty in transferability is measuring and recording the 
actual parameters of the arc itself. A method of accurately recording these 
variables at the arc instead of the contact Lube must be devised. This also 
applied to the wire speed.variations. 
38. 
P r i o r  to any welding o r  weld testing, the entire system shouad be 
thoroughly examined to make sure everything is in order. 
off list may be useful f o r  this purpose. 
A weld set-up check 
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IS cus s I O N  
M r .  Brown: I don ' t  understand how you ge t  these values;  how you pick 
them? 
M r .  Seay: What I have t o  do t o  g e t  these values  is  say t o  the 
s t a t i s t i c i a n ,  "Now, look we're g e t t i n g  ready t o  run t&e experiment and here  
is  what I want t o  do.'' 
is  you are t ry ing  t o  f i n d  ou t ,  and then you l i s t  the  var iab les  t h a t  you intend 
t o  vary. You see, i n  t h i s  experiment, you vary a l l  the va r i ab le s  a t  the same 
t i m e ,  and i t  uses a l l  of the  da ta  on every computation. You and the  s t a t i s t i c i a n  
w i l l  determine how many va r i ab le s  you ' re  deal ing with and a t  which ones t h a t  you 
want t o  look. Then he w i l l  undoubtedly open up a text book and say ,  "Well, 
now, they publ ish a c e n t r a l l y  composite r o t a t a b l e  design,' '  i f  t h a t ' s  what he 
chooses t o  use.  It w i l l  be l i s t e d ,  bu t  these loca t ions ,  these  poin ts ,  w i l l  be 
l i s t e d  i n  the  book as e i t h e r  0 ,  plus  1, minus 1, plus  1.414, o r  something 
on t h a t  order .  You have t o  decide exactly how much 1 means t o  you , and how much 2 
means t o  you. I chose, f o r  ins tance ,  t h a t  1 here  would mean 10 amps. 
would mean t h a t  I would go i n  the  plus d i r e c t i o n  10 amps. Minus 1, I would go 
i n  the minus d i r e c t i o n  +lo amps. 
these pluses  and minuses t h a t  are a l ready  pr in ted  out  i n  the experiment. 
value of the  s t a t i s t i c i a n  i s  t h a t  he can he lp  you s e l e c t  t he  proper design 
t o  do what you want t o  do. 
when you know'the most about the  process.  I n  o ther  words, there  a r e  c e r t a i n  
physical l i m i t a t i o n s  he re ;  when we ge t  t o  500 amps, we're i n  t rouble .  We know 
t h i s  phys ica l ly ;  l e t ' s  not  confuse the computer. There 's  no need t o  Make a design 
t h a t  is  going t o  extend our da ta  points  up above the 500 l i n e .  This would be a 
compodite design, but i t  wouldn't be r o t a t a b l e .  
s p e c i f i c  a r ea  t h a t  you want t o  inves t iga t e .  
The f i r s t  th ing  you have got  t o  t e l l  him i s  what i t  
So, plus 1 
All you have t o  do i s  t r a n s f e r  your values i n t o  
Now the 
The cen te r  of the  r o t a t a b l e  design i s  t h e  poorest  
I would concentrate  on a 
M r .  Seaman; I wondered i f  you would e labora te?  Toward the  end of your 
t a l k ,  you discussed some suspicions t h a t  you had of tungsten.  Would you care 
t o  go on with t h i s  j u s t  a l i t t l e  f u r t h e r ?  
M r .  Seay: We s t a r t e d  our work i n  t h i s  a r e a ,  and ran  tes t s ,  and we have 
got ten  some da ta ,  but  we have not done the p a r t  t h a t  I hope w i l l  g ive us the  
answers, and t h a t ' s  the meta l lurg ica l  look. The center ing  process involved i n  
making tungsten i s  something I know very l i t t l e  about a t  t h i s  point  and t i m e ,  but 
we have determined the  s p e c i f i c  g rav i ty ,  weight, and dens i ty  of var ious tungstens.  
We've got  about four  o r  f i v e  d i f f e r e n t  manufacturers1 tungstens.  
we are assuming t h a t  the batch we got i s  representa t ive ,  but  t h i s  i s  always the  
r i s k .  We found a d e f i n i t e  d i f fe rence  i n  the dens i ty  of these tungstens.  Under 
a c t u a l  welding tes t ,  i n  order  t o  e l imina te  the va r i ab le s  of having anything 
d ip- in  o r  t r a n s f e r  aluminum to  the  tungsten,  we mounted another tungsten.  The 
bottom tungsten, which was a qua r t e r  inch i n  diameter,was mounted i n  copper t o  
d i s s i p a t e  the  hea t .  We ran  an endurance t e s t ,  j u s t  let  it blaze away a t  high 
amperage, and the bottom tungsten held up. We made our vol tage t r ace  on a 
Minneapolis-Honeywell t r a c e  recorder .  J u s t  by watching the vol tage trace, you 
can t e l l  a l o t  about what 's  happening i n  the tungsten---a good type t r ace  and 
you've got good emission and good a r c  c h a r a c t e r i s t i c s .  
wobble, you can Took a t  your arc,  and you may o r  may not  be ab le  t o  see i t .  
Here again,  
When the trace begins t o  
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Now, t h i s  i s  a real good point .  I don ' t  know whether I emphasized the  
importance of instrumentat ion o r  not,  but  I ' v e  got i n  our l ab  one of the o ld  
timers who has been welding f o r  years.  H e  learned the hard way, by hand; 
"instrumentation, who needs i t?" But, today, t h i s  man does not look a t  
the  weld puddle except t o  monitor i t .  He makes h i s  welds by watching t h a t  
instrument.  
l o s t  2 o r  3 amps a t  500, and i t  i s  s i g n i f i c a n t .  H e  can see  when h i s  vo l tage  
begins to  wobble and look ' in  and see what has happened, what has gone wrong, 
and he knows something has gone wrong. Carr iage travel---he can hold h i s  
ca r r i age  t r ave l  now because w e  can hold ca r r i age  t r a v e l  e a s i l y  readable  t o  plus  
o r  minus l / lO th  in/min. 
minus 5/10th of a v o l t .  
cont inua l ly  be j i g g l i n g  t h a t  d i a l ,  but  you can do i t ,  j u s t ' a s  we had t o  do i t  
i n  the o ld  days when we d id  not  have a func t iona l  con t ro l  machine. 
Because with the instrument,  he can e a s i l y  determine i f  h e ' s  
We can e a s i l y  read and cont ro l  a vol tage t o  plus o r  
To hold cur ren t  t o  2 o r  3 amps, i t ' s  necessary t o  
M r .  Seaman: Well, I wondered i f  you got  around t o . t h e  point  where you 
saw any r e l a t ionsh ips ,  f o r  example, i n  dens i ty  and requirements according t o  
trace? 
M r .  Seay: No, some of the  tungstens s p l i t ,  some of them m e l t  down, and 
some of them f l a k e  o f f ;  a l l  these  things may happen. Some of them make good 
tracers from the beginning; some of them mhke so r ry  t r a c e r s  from the  beginning. 
Frankly,  we have been snowed wi th  o ther  work, and w e  have t h a t  one s i t t i n g  
back wai t ing.  But these things a r e  happening, and I understand we have go t t en  
the  go ahead t o  take a real  good look a t  them. 
Miss 'Brennecke: I s  t h i s  2 percent thor ia ted  tungsten? 
, M r .  Seay: Yes, t h a t ' s  what we're using, Hap. 
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INTRODUCTION 
The present Aerospace structural criteria has revolutionized the welding 
industry by imposing requirements previously thought attainable only by 
utilizing the most rigid laboratory contro1.conditions. As a result, extensive 
weld research has been conducted involving tools, equipment, alloys, and 
processes, with the ultimate goal being an efficient production welding process 
which would reliably produce the desired level of quality. The advancements 
from these programs have been quite rewarding; however, when the results are 
applied to actual production practice,manjt problems arise which we continue to 
blame on: equipnient malfunction, tooling inadequacies, alloy deficiencies, 
and human variation. This continuation of production problems causes those 
of us in the line organizations to question if welding research has been 
adeqwte and properly directed; or on the other hand, if we have a thorough 
understandifig of critical process elements and control necessary for a success- 
ful production welding operation? Obviously, some unbiased method of measure-. 
ment and problem analysis must be utilized if answers to these questions are to 
be realized. 
I would like to present the results of a study based on over 25,000 
feet of aluminum fusion welding, designed to assist in analyzing production 
problems and corrective action. The paper will e$plain data collection 
techniques, methods of analysis, and process control indications developed 
and presently in use at the Martin Company, Aerospace Division, Denver, 
Colorado 
Table I is an example of the type of data collected: 
43 
Table I. Parameter Deck. 
Item Variable Code 
Wire Feed.Rate , M5 BXX 
tiead Travel M6 BXX 
Gas Flow E47 BXX 
Column 
37,38,39 
40 41,42 
43 , 44,45 
46 
47 
48,49 50 
5 1,52,53 
54,55 
56 
57,58,59 
60 
61,62,63 
64 
65,66,67 
68,69,70' 
7 1  72,73 
74,75 76 
77,78,79 
Nozzle I D  N 7  ,1 
2 
3 
Gas Type Proport ion M8 B 1  
2 
3 
Max Mismatch N 8  XXX 
Weldor N 1  BXX 
Weld Machine and/or N2 BO 
F ix ture  1 
2 
3 
4 
5 
6 
7 
8 
9 
Wire Feed Diameter N9 1 
2 
3 
4 
Gap N 3  BXXX 
Tungsten Diamecer M9 1 
2 
3 
4 
5 
Temperature & Humidity N4 XXXX 
Weld S t a r t  N5 xxx 
Weld Stop N6 XXX 
Max Thickness L5 xxx 
Min Thickness Lzj xxx 
Location of Maximum MM1 xxx 
Mismatch 
I d e n t i f i c a t i o n  
0 t o  99 inches per mine 
0 t o  99 inches pe r  mino 
0 t o  99 CU. f t .  h r .  
(no f r a c t i o n s )  
31811 
1/21' 
5/81' 
Helium 
Argon 
Maximum Mismatch 
i n  thousandths 
Last two d i g i t s  
of Weldor's Stamp 
-002 Fix ture  
-213 Fix ture  
-216 Fix ture  
-024 Fixture  
-286 Fix ture  
-218 F ix tu re  
-219 Fix ture  
-221 Fix ture  
-202 Fxi ture  
-203 Fixture.  
e 030 
.045 
1/ 16 
3/32 
Gap i n  thousandths 
1/ 16 
3/32 
1/ 8 
5/32 
3/ 16 
F i r s t  2 c o l e  temp. 
Second 2 co l .  humidity 
Inches from BLO 
Inches from BLO 
Maximum material 
thickness  i n  thousandths 
Minimum material 
th ickness  i n  thousandths 
Inches from BLO or 
S t a r t  of Weld 
AG- 75 
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1. 
2. 
3.  
Procedure For Data. Col lec t ion  
The completed l is t  c o n s i s t s  of 124 da ta  p o i n t s  and v a r i a b l e  recoi-d- 
ings;  however, s a e  have been eliminated as being i n s i g n i f i c a n t  t o  the  
ove ra l l  problem. 
the  standard records and log books used i n  the f a b r i c a t i o n  operat ions;  
however, t o  supplement t h i s  study t h e  following procedure f o r  da t a  
c o l l e c t  ion has  been i n i t i a t e d  (I 
The major por t ion  of t h e  des i red  dafa  is  ava i lab le  from 
A Welding Engineer o r  Manufacturing Engineer is  assigned t o  
monitor each production weld set  upe 
t o  assure  adherence t o  t h e  process p lan  and t h a t  each parameter 
i s  accura te ly  recorded on t h e  proper form. 
s h i f t  t hese  d a t a  forms a r e  co l lec ted  and handled as described 
i n  Paragraph 3,  below, 
It i s  h i s  r e s p o n s i b i l i t y  
A t  t he  end of each' 
The responsible  Engineer w i l l  monitor the r e s u l t s  of hardware 
t e s t i n g  as it  proceeds through a l l  levels of acceptance t e s t i n g .  
The Engineer w i l l  check a l l  ind ica t ions  i d e n t i f i e d  by these 
tes ts ;  those requi r ing  r e p a i r  w i l l  be documented by locat ion,  
types and d ispos i t ion .  The d a t a  w i l l  then be co l lec ted  and 
handled as. s t a t e d  i n  Paragraph 3, below. 
After  c o l l e c t i o n ,  t he  d a t a  fromLParagraphs 1 and 2 above 
w r i l l  be coded onto an IFM t r a n s m i t t a l  sheet .  
m i t t a l  shee t s  w i l l  go t o  Administration where the  information 
is  key punched onto IBM cards.  
i n  t h e  da t a  a n a l y s i s  f i l e  f o r  h i s t o r i c a l  reference.  
is  organized so t h a t  t he  cards  can be s tored  i n  any order with- 
out a f f e c t i n g  t h e i r  value. Programs a r e  w r i t t e n  f o r  the com- 
putor t o  analyze based on the  inputs  contained on the  d a t a  
cards.  I n  a d d i t i o n  t o  the  standard programs, spec ia l ized  
programs are w r i t t e n  t o  answer quest ions such a s  "does poros i ty  
increase a t  a s p e c i f i c  po in t  on a c e r t a i n  art icle",  or "which 
welder has t h e  b e s t  de fec t  record". U t i l i z i n g  the  da t a  f i l e  
and computors i n  t h i s  manner the program can be used by 
Engineers and Management a s  a knowledge source. 
These t r ans -  
The cards are then re ta ined  
The program 
Analysis and Corrective Action. 
I Once t h e  b a s i c  body of welding knowledge has been co l l ec t ed  and 
s to red ,  simple process cont ro l  i n d i c a t o r s  may be developed. An example 
of t h i s  is shown i n  Figure 1, an "Indicat ion Per Unit" Chart. This cha r t  
i s  used t o  h i g h l i g h t  t h e  general  q u a l i t y  t rend,  
The c h a r t  shows t h e  number of ind ica t ions  picked up by a l l  non- 
This p a r t i c u l a r  production run was reported d e s t r u c t i v e  test  methods. 
bi-monthly and is used by supervis ion t o  measure t h e  general  weld q u a l i t y  
level. The year ly  goa l  i n  t h i s  case has  been achieved by June 15&, o r  i n  
half  t h e  t i m e  o r i g i n a l l y  an t ic ipa ted .  
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100 INDICATIONS P E R  UNIT 
Figure 1, 
Noting the variation of the number of indications totaled bi-weekly, 
we soon discovered Engineering criteria and Quality Control techniques had 
a definite influence on our analysis, The degree of influence is measured 
By the chart in Figure 2. 
Since Quality Control must determine if a product does, in fact, 
meet the Engineering Criteria, some measurement of their accuracy seems 
pertinent. The items selected represent a Quality Control call out which 
later is determined to be within specification criteria, Engineering has 
ehe prime responsibility of developing criteria; therefore, the measure- 
ment selected for this chart represents how many times Engiheering must be 
called into the evaluation wfth Quality Control to further define, or 
explain the acceptance criteria. The difference between the Engineering 
and total number of indications represents the number of items that were 
actually repaired. 
OUTSIDE FACTORS CONTROL 
Fa 
h 
a a 
aclr 
a --. 
Figure 2 -  
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By observing the  r e l a t ionsh ip  of Engineering and Qual i ty  Control 
measurements t o  the  t o t a l  recorded, it i s  poss ib le  t o  determine which area 
needs a t t e n t i o n  t o  improve the  genera l  t rend,  
high number of i t e m s  t h a t  had t o  be reviewed by Engineering f o r  f i n a l  d i s -  
pos i t i on  ind ica ted  t h a t  e i t h e r  Engineering cr i ter ia  w a s  not adequ;ltely 
s t a t e d  or  Qual i ty  Control needed c l a r i f i c a t i o n ,  
hand,both departments were informed and t h e  r e s u l t i n g  co r rec t ive  ac t ion  
a s s i s t e d  i n  the  downward t rend of average t o t a l  ind ica t ions  recorded 
aga ins t  each u n i t ,  
Examples: I n  February the  
With t h i s  information a t  
I n  the case of March 15E,where average t o t a l  ind ica t ions- reached  
63 per u n i t ,  an  ana lys i s  of the data  was requested showing s p e c i f i c  welds 
with a s i g n i f i c a n t l y  higher  defec t  r a t e  than normal. 
th ree  areas which were subsequently analyzed and cor rec ted ;  again a s s i s t -  
ing  i n  the t o t a l  downward t rend.  
The r e s u l t s  ind ica ted  
Goals, as defined by the dot ted  l i n e s ,  may be assigned f o r  each 
department and measurements recorded t o  help point  ou t  where ex t ra  e f f o r t  
i s  requir6d t o  achieve pre-de termined objec t ives  . 
Although t h i s  type of i nd ica to r  i s  valuable f o r  the ove r -a l l  t rend,  
a more de t a i l ed  c h a r t  (Figure 3) i s  used t o  analyze each component of the 
production u n i t .  
P i c t o r i a l  Chart 
20% DEFECTS REPORTED ON CHORD BUTT WELDS 
72% DEFECTS REPORTED ON VERTICAL WELDS DOME -
BB4 
24 DEFECTS REPORTED 
AGAINST FIXTURE WELDS 
72% (17) REPAIRED BY 
GRIND AND WELD 
8% (2)  OK BY STRESS 
BLO 
20% ( 5 )  DRESSED U p  
AND OK BY CRITERIA Figure 3 .  
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By recording each ind ica t ion  accura te ly  on the p i c t o r i a l  c h a r t ,  
l i k e  u n i t s  may be overlayed and compared f o r  r e p e t i t i v e  defec ts .  
comparison a f t e r  co r rec t ive  a c t i o n  can confirm the e f fec t iveness  by f o l -  
lowing the actual ,  t rend from u n i t  t o  u n i t .  
Further  
Example: Bar re l  welds showed a r e p e t i t i v e  low build-up a t  a 
c e r t a i n  footage on the b a r r e l  welding too l .  On inves t iga t ion ,  a t i n y  gouge 
was discovered on the back up bar  i n  t h i s  a r ea ,  causing the weldment t o  
lo se  contac t  a t  t h i s  point ,  thus no heat  d i s s ipa t ion  and the r e s u l t a n t  low 
bead build-up. 
The p i c t o r i a l  p resenta t ion  i s  a l s o  valuable  i n  determining the 
e f f e c t  of thickness ,  weld sequence, operator ,  equipment, and even a l l o y .  
By evaluat ion of s imi l a r  condi t ions ,  
obtained which is  necessary f o r  Engineering design changes o r  c r i t e r i a  
modif icat ions.  
h i s t o r i c a l  back up data may be 
Using $.he da ta  developed from t h i s  study, a manufacturing welding 
operat ion can become an in t eg ra t ed  port ion of the master Company r e l i a -  
b i l i t y  plan. The measurement requi res  data  c o l l e c t i o n  on r e l i a b i l i t y  
s e n s i t i v e  i tems;  such a s ,  number of leaks detected by the helium leak  
t e s t ,  f a i l u r e s  i n  welds a f t e r  A r t i c l e  acceptance,  and so on. These c r i t -  
i c a l  i t e m s  measurement must then be r e l a t ed  t o  the r e l i a i b i l i t y  objec t ives  
required.  
An example of t h i s  type of measurement i s  shown i n  the graph i n  
Figure 4. 
ACCEPTANCE MEASUREMENT 1 
MENT 
IN-PROCESS MEASUREMENT 
JAN FEB MAR APR MAY JUN JuL AUG SEP OCT NOV DEC 
Figure 4 ,  
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The Post Acceptance Requirement def ines  the goal  f o r  Manufacturing 
P rac t i ce  R e l i a b i l i t y  as set  up on the ove r -a l l  Company plan. 
Acceptance Requirement i s  the a c t u a l  number of f a i l u r e s  termed r e l i a b i l i t y  
s e n s i t i v e  i n  the case of a welded product. 
def ines  a goal  set  up by Manufacturing Management measuring al.1 ind ica-  
t i ons ,  and de fec t s  recorded throughout the  Manufacturing process. 
process measurement l i n e  t e l l s  how well  we a r e  a c t u a l l y  doing i n  r e spec t  
t o  our goal .  Eventually,  by conparing oar  process measurement with the 
Post Accepo2ance measure!nent, we w i l l  be ab le  t o  p red ic t  the r e l i a b i l i t y  
effect  from such ind ica t ions  as :  
weld r e p a i r s ,  and so on, depending on what provides the  most va l id  in fo r -  
mation i n  terms of r e l i a b i l i t y .  
The Post 
The i n  process requirement 
The i n  
number of t o t a l  ind ica t ions ,  number of 
CONCLUSION 
The Human Element 
The f j r s t  e i g h t  months of t h i s  s tudy confirm our previous susp i -  
c ions i n  revea l ing  the  human element as a most important va r i ab le  i n  the 
welding operat ion.  The human element, ( those va r i a t ions  from operator  t o  
operator ,  as  w e l l  a s  i n t e r p r e t a t i o n  of non-destructive t e s t i n g  techniques 
and Engineering c r i t e r i a )  can account f o r  a s  much as 85 percent of the  
t o t a l  welding problem. When t h i s  va r i ab le  i s  recognized and a concerted 
e f f o r t  i s  extended, the  weld problem can be reduced considerably (theo- 
r e t i c a l l y ,  *85 percent)  without f u r t h e r  investment i n  new welding too l s ,  
equipment, o r  design changes. 
The Ef fec t  of Equipment and Tooling 
By u t i l i z i n g  the p i c t o r i a l  c h a r t s  and measuring the r e p e t i t i v e  
type de fec t s ,  we may assume a 1 2  percent cont r ibu t ion  t o  the t o t a l  weld 
problem caused by equipment v a r i a t i o n  and too l  de f i c i enc ie s .  Correct ive 
a c t i o n  i n  t h i s  area can be a s  simple as the example of the gouge i n  the 
back up bar  on our b a r r e l  weld t o o l ;  o r  a s  extensive as a recommendation 
f o r  a complete new too l  involving considerable  expendi tures .  A l i t t l e  
ingenui ty  can usua l ly  so lve  the problem, once the d i f f i c u l t y  is  known. 
The Ef fec t  of the Al loy  
I n  the  few cases  where no l o g i c a l  explanat ion f o r  weld de fec t s  or  
defec t  i nd ica t ion  could be given, the cause w a s  assigned t o  the a l l o y .  
This amounted t o  3 percent of the to ' tal  and i s  j u s t i f i e d  by the assumption 
t h a t  no a l l o y  is 100 percent  weldable. 
NOTE: By f u r t h e r  ana lys i s  the above f a c t o r s  may be broken down 
i n t o  more s p e c i f i c  problem areas  which become h ighly  sens i t i ve  t o  condi- 
t i ons  unique t o  c e r t a i n  cont rac ts ,  f a c i l i t i e s ,  and design;  therefore ,  
the da ta  i s  not considered pe r t inen t  t o  t h i s  audience a t  the present  t i m e .  
It must a l s o  be noted t h a t  the percentages expressed can be considered 
va l id  f o r  only one s e t  of condi t ions over a very l imi ted  span of t i m e .  
As improvement i s  r ea l i zed  the percentage of cont r ibu t ions  f o r  each 
f a c t o r  change. 
' 
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This method of data co l lect ion,  control,  and corrective act ion 
i s  an essent ia l  part of a successful Aerospace welding program. The 
,techniques are adaptable to any welding s i tuation and w i l l  prove a valuable 
tool  for both Customer and Contractor. 
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DISCUSSION 
M r .  Ingram: We thank you bery kindly.  W e  a r e  ready f o r  quest ions,  and 
I am q u i t e  c e r t a i n  t h a t  you have provided a few. 
M r .  O r r :  
your schedule t o  t h i s ,  f o r  ' instance,  on your education cha r t  t h e r e ?  I n  some 
months you might have a r e l ease  of p a r t s ,  perhaps a r e a l  tough elbow o r  some- 
th ing  very d i f f i c u l t  t o  weld, and f o r  the  next month t h a t  elbow might not even 
be manufactured. This i s  a point .  
There i s  one 1 would l i k e  t o  a s k ,  i f  I may. Do you r e l a t e  
M r .  Roen: It c e r t a i n l y  i s  a poin t ,  and t h a t ' s  par t  of Ed Seay's 
confounding. 
where we cduld keep a f a i r l y  good flow going through the var ious places .  
one problem with welding launch veh ic l e s .  
months l a t e r  you want another one. 
t h a t  we have been ab le  t o  follow have been f a i r l y  cons i s t en t .  We have kind of 
put t h a t  i n  the background a s  a major f a c t o r  i n  t h i s  ana lys i s .  There 's  a l o t  
of guess work i n  t h i s ,  admittedly.  
operat ion now f o r  e igh t  months, and I'll t e l l  you, I respec t  these people f o r  
t h e i r  f e e l i n g  withaut laboratory backup o r  anything. 
knowledge. 
They can ' t  expla in  why, but  sure  enough I get  i n  t rouble .  
i n  t h i s  t h a t  you can ' t  j u s t  subs t an t i a t e  by labora tory  t e s t .  
a problem. 
Fortunately,  most of the study was done during a production area 
That ' s  
You want one t h i s  month and th ree  
You can ' t  ge t  a f e e l  of t h i s .  But the ones 
I ' v e  been out i n  the manufacturing l i n e  
I c e r t a i n l y  respect  t h e i r  
They ' l l  say,  "If  you do it t h a t  way, you're going t o  be i n  t rouble ."  
So, t h e r e ' s  something 
But t h a t  has  been 
M r .  Blackburn? You kind of stunned me a l i t t l e  b i t  with your 85 percent 
people problem. 
me say I assume you must be t a lk ing  aboQt manual welding. 
no t ,  do you a t t r i b u t e ' t h i s  t o  lack  of knowledge, l ack  of sklirll, l a c k  of t r a i n -  
ing,  o r  l a c k  of concern on f ie  ope ra to r ' s  pa r t ;  because i f  i t ' s  any one of 
these  four ,  I can assume t h a t  you can solve 85 .percent of your problem by a 
concentrated t r a i n i n g  program. 
I ' d  l i k e  a l i t t l e  b i t -more  c l a r i f i c a t i o n .  F i r s t  of a l l ,  l e t  
Whether you a r e  o r  
M r .  Roen: Training i s  a very important p a r t .  Our welding from the 
study was 99 percent automatic, a very small percentage manual. 
t h i s  hman  element t h a t  the  v a r i a b l e ,  the  biggest  va r i ab le  t h a t  I f e e l  i s  i n  
the  business ,  is  i n  the  i n t e r p r e t a t i o n  of c r i t e r i a ,  spec i f i ca t ions ,  and the  
operator  t o  operator  var iance.  We found t h i s  i n  a porosi ty  study. One guy 
w i l l  c a l l  it l e v e l  P4, a s  one case; another uy w i l l  look a t  it the  next 
day, and say, "No, i t ' s  P2." 
it. But t h a t ,  being one pa r t  of the s to ry ,  is a qua l i t y  cont ro l  and a c r i t e r i a  
problem f o r  them.to work on and get  t h e i r  spec i f i ca t ions  c l e a r l y  def ined,  so 
t h a t  you can operate  successfu l ly  without t h i s  garbage i n  between. 
pa r t  of i t  i s  an opera tor  problem. 
s t a r t ;  we found t h a t  our people were even misusing t h a t .  
basic .  You press  a but ton,  and it s t a r t s .  How can you ever  misuse something 
t h h t  simple? 
a l i z e d  touch on h i s  s t a r t .  Maybe they wanted t o j u s t  regula te  w i r e  feed a 
by themse lve  s (I 
th ink  now it is not  q u i t e  high enough. 
t a i l ,  I guess, I co 
W e  have foundin 
This t h ing  does e x i s t .  I think we a l l  recognize 
\ The o ther  
Such th ings  a s  s i m p l e  a s  automatic sequence 
Now, t h a t ' s  p r e t t y  
We found people t h a t  had t h e i r  own person- But we misused it. 
was a l i t t l e  amazed myself a t  the  85 percent f i  
Without going i n t o  a awf 
d n ' t  convince you anymore than I have j u s t  done. It g e t s  
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.down into the specifics of the contract where you add the type of alloy, the 
type of tooling (hard tooling, opposed to soft tooling), that soft of thing. 
But, agagn, it's in many cases, a guess. 
you have implied? 
Mr. Saperstein: What about sensitivity of the inspection method which 
Mr. Roen: Boy, that's a bomb. You hit a real item there, Phil. Watch 
it, watch the system, and keep yo.ur finger on the pulse. 
failure, and let's say you pin the failure back to a specific cause such as 
porosity crack or lack of fusion, watch what the people in inspection do; and 
I would do it to, to be truthful about it. 
cation like that for an awful long time because they are not going to get 
clobbered or have that indication come back on them, and someone say, "Hey, 
you missed this. So, you are the cause of this failure." 
of this type of problem is the fillet weld, and we're always confused with 
"IS that a crack down in that root, or is that just lack of penetration or 
lack of fusion, or what is it?'' So to be safe, the man will call it a 
crack. 
call it a crack, he can get pinneg down with this problem. 
tiger to get a hold on. We try ih our training and by close supervision---by 
instructing the people, which you brought up---that if they get one that's on 
the fence, to call in the supervisor, and let him make the decision. 
what he's getting paid for. 
When you have a 
They will not pass a single indi- 
The biggest cause 
Because if it is truly a crack that causes a failure and he doesn't 
That's been a real 
That's 
Mr. Saperstein: The most refined inspection in some repects in crude. 
Mr. Roen: Yes, such things as density in film and the die penetrant 
area where you have the amount of time that you let it absorb into the material; 
I suppose that if you do a real good job in washing it off, you get less indi- 
cations; if you don't do a good job, you get more indications. Is this what you 
are talking about? 
Mr. Saperstein: I'll make it more definite. Recently, we looked at the 
sensitivity of some of the inspection procedures and simulated the total lack 
of fusion defect in the weld. None of these special methods we have employed 
were able to detect this total lack of fusion defect. 
of inspection, dye penetrant, radiographic, and other inspections. The only 
way we could see it was by looking at it, and this is not always possible. 
This includes all types 
Mr. Roen: Yes, frankly, I haven't done any work in that area for quite 
some time. 
other comment than that, though. 
But I sure recognize the problem you're talking about. I have no 
Vr. Ingram: No other questions? 
Mr. Devins, There is one' thing that troubles me about your first'plot. 
After you are through adding the blue and the red to the yellow area there, it 
doesn't seem to change. 
the overall number of defects in the last six months, or what does it mean? 
Does this mean that there's still no improvement in 
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M r .  Roen: Actual ly ,  1 th ink  you've r i g h t .  We have not  improved i n  t h a t  
one a rea ,  which i s  q u i t e  a cause f o r  concern. 
along t h a t  eventual ly  I ' m  going t o  end up on a p la teau .  
p la teau ,  then what am I going t o  show t h a t ' s  good? 
we're j u s t  s t a r t i n g  t o  g e t  a handle on. 
c a n ' t  work on it. 
then ge t  t o  work on it. 
And t h i s  has been my f e a r  a l l  
And when I h i t  t h i s  
So, again,  t hese  a r e  a reas  
But i f  you don ' t  f i n d  i t ,  you c e r t a i n l y  
So our approach so f a r  has been t o  recognize the  problem and 
M r .  Ingram: One more question? 
M r .  Seaman: J u s t  f o r  my own c l a r i f i c a t i o n ,  i n  the percentages which you 
gave i n  your conclusions,  85 and 1 2  percent ,  I not iced t h a t  the 12  percent 
was  s e l ec t ed  by def in ing  too l ing  more o r  l e s s  as r e p e t i t i v e  symptoms. I ' m  
assuming t h a t  the 85 percent  then w a s  b a s i c a l l y  non-repe t i t ive .  
ent,somewhat r e l a t a b l e  t o  human mistakes.  
the 85 percent .  
I t ' s  inher -  
I ' m  not q u i t e  sure  how you ge t  
M r .  Roen: Yes, i t ' s  a good quest ion.  Our approach t o  i t ,  the  way 
we def ine i t  a s  a human element, i s  r e a l l y  a f t e r  the co r rec t ive  a c t i o n  has 
been taken t o  make su re  t h a t  we have taken such ac t ion .  You can a l s o  f ind  
t h i s  by running the  c h a r t  the next  month to  see i f  you have cor rec ted  a 
r e p e t i t i v e  type  de fec t  o r  a human problem you have found. A case of t h i s  
would be the welder who was  twice a s  good a s  one t h a t  we had on the  night  
s h i f t .  
t h a t  he w a s  not preparing h i s  edge properly.  
t o  t h a t  po in t ,  bu t  when he did the process,  he was a l i t t l e  b i t  ca re l e s s  i n  
h i s  edge preparat ion;  so, therefore ,  he had twice a s  many defec ts  as any of 
the  other  welders. W e  i n s t ruc t ed  him i n  the proper procedure -- l e f t  the 
welding engineer there  - showed him how t o  do i t ,  and the next month t h a t  
human element, as I ca l l  i t ,  disappeared. This man w a s  then doing h i s  job 
properly,  so t o  speack, and so i t  did disappear.  Again, i t ' s  a l i t t l e  
touchy when you t r y  t o  separa te  these and be very s p e c i f i c  i n  c a l l i n g  t h i s  
a human element and t h i s  a too l  and equipment problem. Actual ly ,  they a r e  
q u i t e  i n t e r r e l a t e d .  The a b i l i t y  of a person t o  handle a l l  th ree  a t  one 
time is  d i f f i c u l t .  
When we got  back t o  the man on the n ight  s h i f t ,  we found simply 
He w a s  doing everything up 
M r .  Wuenschtr: I n  order  t o  c l a r i f y  where you a r e  with your theory,  
I think we have t o  consider how f a r  you have gone down the learn ing  curve 
of t h a t  s p e c i f i c  production. For obviously, you a r e  not t a lk ing  about the 
prototype development phase nor about the process development and v e r i f i c a -  
t i o n  phase. 
the learn ing  curve t h a t  i n  reaching thaf  plateau you a r e  on a l e v e l  where 
your equipment i s  more o r  less c lose  t o  a pe r fec t  s t a t e -o f - the -a r t .  What's 
l e f t  over can be nothing e l s e  but  human inf luences.  I think i t  makes a l l  
the  d i f fe rence  whether you t a l k  about a type of l i n e  i tem production, which 
has run a long t i m e  and you a r e  c lose  t o  pe r fec t  i n  your mechanical setup,  
o r  whether you have j u s t  f in i shed  a development phase and you s t i l l  have a 
l o t  of improvement t o  introduce.  
You t a l k  about something where you a r e  a l ready  so f a r  down 
M r .  Roen: Yes, I wish I would have included t h a t  i n  my paper.. That 
I t ' s  very 
When you're coming down on your learn ing  curve,  i t ' s  r e a l l y  d i f f i c u l t  
was very w e l l  s t a t e d .  
t rue .  
t o  t e l l  whether i t ' s  a human element, a too l ing  element, e t c .  
do be l ieve  by t h i s  type of.ana1ysj.s i t  would he lp ,  even i n  the learn ing  curve 
We've been using t h i s  f o r  seven years  now. 
Although I 
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area, to vary the top portion where you are starting to come down. 
using this on our Titan 111. 
make corrective action and show an improvement from these figures, quite 
dramatically in some cases., It's a very good point. 
that up. 
We are 
We are able to 
I'm glad you brought 
It's working out quite well. 
Mr. Wuenscher: Otherwise, it would be hopeless for weld equipment 
developers t o  have some business. 
Mr. Roen: Oh, yes. I believe they've done a tremendous job though, 
and actually, they have potential in equipment and recent developments that 
we haven't even touched in the line operations. We don't quite know how to 
cope with these things yet. They're new to us. 
Mr. Gaw: By way of clarification of your equipment and tooling 
categories, would you estimate for the record the average age of the welding 
heads which you are using. 
Mr. Roen: Well, the age in that category would be from a year 
We've had to buy new power supplies 
and a half to two years, because as we have gone up in thickness, of 
course, we have had to get more. 
to get the amperage ratings that we needed. 
Mr. Gaw: Your equipment is no more than two years old then? 
Mr. Roen: The welding equipment itself, yes. The tools and fix- 
tures are about seven years old and have been modified several times. 
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Aluminum Fabr ica t ion  vs ., Environmental Humidity 
Any metal which i s  fus ion  welded goes through a molten phase so 
t h a t ,  i n  e f f e c t ,  t he  weld i s  e s s e n t i a l l y  a cas t ing  i n  which heat ing and 
cool ing occur i n  a manner which d i f f e r s  from t h a t  of normal cas t ing .  
Heating and cooling rates are f a s t e r ,  and metal  temperature i s  higher.  
However, s ince  molten metal i s  involved i t -may be informative t o  review 
the work t h a t  has been done concerning the  causes and e f f e c t s  of gas  
poros i ty  i n  cast aluminum, i n  the hope t h a t  some c o r r e l a t i o n  with weld 
Poros i ty  may be fvund. 
Cause of Gas Porosi ty  
The major c u l p r i t  i n so fa r  as gas po ros i ty  i s  concerned i s  genera l ly  
conceded t o  be hydrogen. Since hydrogen i s  so luble  i n  molten aluminum and 
p r a c t i c a l l y  inso luble  i n  s o l i d  aluminum, any hydrogen present  a t  t i m e  of 
sol idif iccat ion w i l l  be r e j ec t ed  i n  the form of poros i ty  a s  the  metal s o l i d i -  
f i e s .  Figure 1 shows t h a t  the  s o l u b i l i t y  of hydrogen i n  molted aluminum 
increases  as metal temperature increases .  Of p a r t i c u l a r  s ign i f icance  i s  
the  f a c t  t h a t  the s o l u b i l i t y  of hydrogen i n  aluminum i s  f o r  a l l  i n t e n t s  and 
purposes p r a c t i c a l l y  ze ro  the minute t h e  metal  s o l i d i f i e s .  
The hydrogen normally comes from water vapor. A t  temperatures above 
920' F -  aluminum reacts with water t o  produce nascent hydrogen plus  oxygen. 
The hydrogen d isso lves  i n  molten aluminum and the oxygen combines wi th  
aluminum t o  form aluminum oxide. 
( 1 )  the ambient atmosphere, or ( 2 )  adsorbed layer  on the oxidized metal  
surface.  Aluminum r a p i d l y  forms a t h i n  oxide layer  when exposed to  a i r ,  
and t h i s  layer  w i l l  adsorb moisture. To v i sua l i ze  how t h i s  can occur,  j u s t  
th ink  about aluminum c a f e t e r i a  t r a y s  t h a t  have not been properly anodized 
and sealed.  I f  these  rub aga ins t  a white s h i r t ,  a black s t r e a k  i s  v i s i b l e .  
This is  because-porous oxide coat ings w i l l  p ick up extraneous matter, in- 
cluding grease,  s t a i n s ,  e tc . ,  and r e t a i n  them i n  the  pores as an adsorbed 
layer.  
The water vapor may come from two sources:  
The presence of water vapor i n  the  atmosphere i s  a very complex 
problem. For one th ing ,  it v a r i e s  with seasons. The higher the humidity, 
the  higher  the  water content  i n  the  a i r .  However, t h e  r e l a t i v e  humidity, 
which i s  t h a t  usua l ly  reported by the  weather bureau, is  not  the  t r u e  
c r i t e r i o n .  Rela t ive  humidity is  merely a percentage which expresses  the 
r a t i o  between the  amount of water present  i n  the atmosphere and the amount 
of water vapor t h a t  is needed t o  s a t u r a t e  the  a i r  a t  the  p a r t i c u l a r  temper- 
a t u r e  a t  which the  reading i s  taken. Natura l ly ,  the  warmer the  a i r ,  the  
more moisture it can absorb before s a t u r a t i o n  i s  reached. A s  an example, 
50 percent  r e l a t i v e  humidity a t  40' F represents  much l e s s  a c t u a l  water 
content t h a t  50 percent  humidity a t  95' F. Therefore,  absolute  humidity 
is the  measurement which must be used. .This i nd ica t e s  how many g ra ins  of 
water p e r  cubic  foor  of a i r  a r e  a c t u a l l y  present  a t  any given time. 
An example of how absolu te  humidity i s  determined is  shown by Figure  
2 ,  To obta in  the bas i c  information, readings must be taken simultaneously 
on two thermometers. One reads the  a c t u a l  temperature. The other  has a 
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Figure 1. Solubility of Hydrogen in Molten Aluminum 
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wick arrangement a t tached t o  t h e  bulb. As a i r  is caused t o  move over t h e  
w e t  bulb thermometer (by use of s l i n g  psychrometer o r  other  means of a i r  
movement), evaporation t akes  place.  
a t u r e  reading. The g r e a t e r  t h e  evaporation rate,  t h e  less humid t h e  a i r  
and the  g r e a t e r  t h e  d i f fe rehce  i n  readings between t h e  wet and dry  bulb 
thermometers. By noting the  two readings and r e f e r r i n g  t o  t h e  c h a r t ,  t h e  
a c t u a l  g ra ins  of moisture per cubic f o o t  of a i r  can be designated. 
Evaporation tends t o  lower t h e  temper- 
Another p o t e n t i a l  source .of hydrogen t h a t  should be explored . is 
t h e  a s  received material i t s e l f .  It should be determined whether hydrogen 
is present  i n  t h e  base metal. Could i t  be trapped i n  inclusions,  o r  i n  
segregated a reas  of elements which have high s o l u b i l i t y  f o r  hydrogen? 
don ' t  bel ieve t h a t  we know t o o  much about t hese  p o s s i b i l i t i e s .  
I 
S t i l l  another p o t e n t i a l  source of hydrogen which should not  be over- 
Contamination wi th  Eooked is t he  presence of grease o r  other  hydrocarbons. 
such compounds should be avoided. 
How Porosi ty  Occurs 
Gas poros i ty  manifests i t s e l f  i n  t h r e e  ways: (1) pinhole po ros i ty ,  
( 2 )  microporosity,  and (3) a combination of (1) and (2) .  
c a l l e d  because i t 'occurs  a s  s c a t t e r e d  round o r  angular ho les  v i s i b l e  t o  t h e  
eye on a machined surface and is  e a s i l y  de tec tab le  by Xray. Microporosity 
i s  f i n e ,  d i f f i c u l t  t o  de t ec t  v i s u a l l y ,  and on Xray.film g ives  a mottled 
appearance which might 'be confused with t h e  mott l ing caused by g r a i n  s i z e .  
Which type of poros i ty  forms is  dependent upon t h e  a l l o y  composition and 
s o l i d i f i c a t i o n  c h a r a c t e r i s t i c s ,  a s  w i l l  be discussed l a t e r .  
Pinhole i s  so- 
Pinhole poros i ty  has a se r ious  e f f e c t  on d u c t i l i t y ,  f a t i g u e  
l i f e  and corrosion res i s tance .  I ts  e f f e c t  on t e n s i l e  proper t ies  i s  
much less pronounced. Microporosity not  only has t h e  same de le te r ious  
e f f e c t s ,  buf may cause reduced t e n s i l e  p rope r t i e s ,  and if "channel11 
poros i ty  forms, can cause t h e  p a r t  t o  be porous. 
Ef fec t  of Alloying Content on Type of Porosi ty  
Alloying elements tend t o  inf luence poros i ty  formation i n  two ways: 
( 1 )  by a f f e c t i n g  s o l u b i l i t y  of hydrogen i n  t h e  matrix, and (2) by a f f e c t i n g  
t h e  s o l i d i f i c a t i o n  range of the a l loys .  
Copper -- When copper is present  i n  amounts over 3 percent ,  
t he  s o l u b i l i t y  of hydrogen i n  aluminum is markedly re- 
duced 
S i l i c o n  acts i n  a s i m i l a r  manner. 
Manganese and n i c k e l  reduce absorpt ion of hydrogen and cause 
it t o  b e ' r e t a i n e d  . in  s o l i d  so lu t ion .  
Magnesium addi t ions  considerably i n c r e a s e  t h e  s o l u b i l i t y  of 
hydrogen i n  aluminum, and the  presence of 6 percent 
inagnesium almost doubles t h e  s o l u b i l i t y .  
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The t o t a l  composition a f f e c t s  t h e  s o l i d i f i c a t i o n  range of any 
p a r t i c u l a r  a l l o y ,  and thus  inf luences porosi ty .  I n  gene ra l ,  aluminum 
a l l o y s  f a l l  i n t o  t h r e e  ca tegor ies  i n s o f a r  a s  s o l i d i f i c a t i o n  is concerned.: 
A-- Sol id  s o l u t i o n  types which s o l i d i f y  over a wfde range 
of temp'erature with l i t t l e  o r  no e u t e c t i c s ;  e . g e 9  A l -  
Mg and A1-Zn-Mg a l loys .  
B-- Alloys s o l i d i f y i n g  over a f a i r l y  wide range of temper- 
a t u r e  with a small amount of e u t e c t i c s ;  e,g., A1-Cu- 
S i  a l loys .  
C-- Alloys s o l i d i f y i n g  over a wide range of temperature wi th  
a l a rge  amount of e u t e c t i c s ;  e.g., Al-Si-Cu a l l o y s .  
Type A has p r a c t i c a l l y  no tendency t o  form pinhole po ros i ty ,  but 
does, form microporosity. 
l i t t l e  microporosity.  Type B i s  intermediate  and w i l l  contain pinhole 
p or os i t  y grading i n t o  m i c r  op or os it y 
Type C tends to  form pinhole poros i ty  wi th  very 
Effect  of S o l i d i f i c a t i o n  Range on Porosi ty  
Cooling ra te  i s  a n  anomalous subject .  I f  metal i s  heated con- 
s iderably  above t h e  melting po in t ,  hydrogen, can be absorbed i n t o  t h e  
molten m e t a l ?  (See f i g u r e  1.)  Slow cooling t o  j u s t  above the f reez ing  
point  w i l l  give a more gas  f r e e  c a s t  s t r u c t u r e  than one cast from t h e  same 
metal  a t  a higher temperature. Rapid cooling w i l l  t r a p  more gas;  however, 
t h e  p o r o s i t y  may be harder  t o  see s i n c e  it w i l l  be more f i n e l y  divided 
and sca t t e red .  A slow cool  u n t i l  t h e  s o l i d i f i c a t i o n  temperature i s  reached, 
followed by a rap id  cool  t h e r e a f t e r  should give the  bes t  r e s u l t s .  
Minimizing Poros i ty  
It goes without saying t h a t  presence of hydrogen should be avoided 
a s  much as poss ib le  around molten aluminum. 
have been t r i e d  i n  the  foundry industry:  
Several. methods of prevention 
1-- Handling molten metal i n  a humidity cont ro l led  room. 
Ef fo r t  should be made t o  keep moisture a s  low as 
poss ib l e ,  p referab ly  under 2 g r a i n s  p e r  cubic f o o t  
of a i r ,  
2-- Metal which has been exposed t o  a i r  and moisture-- 
as i n  normal ambient condi t ions- - i s  d r i ed  t o  remove 
adsorbed moisture before  melting the  metal ,  
A common prevent ive measure i s  t o  degas t h e  molten m e t a l  wi th  gaseous 
chlor ine o r  a degassing s a l t  f l u x ,  
Because of the speed a t  which r e a c t i o n s  occur i n  welding, i t  i s  
d i f f i c u l t  t o  make d i r e c t  comparison wi th  those occurring during cas t ing .  
However, many of; t he  b a s i c  p r i n c i p l e s  would be expected t o  hold. 
a t t e n t i o n  should be given t o  cont ro l led  atmosphere during welding and/or 
use of chlor ine o r  degassing f l u x  during the  welding operation as means 
of minimizifig problems r e s u l t i n g  from gas poros'ity. 
Perhaps 
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D I SCU S S I  ON 
M r ,  Chyle: Thank youp M r .  Brown. We're so r ry  f o r  the  d i f f i c u l t y  
and the  handicaps you were under t h i s  mor 
a r e l i a b i l i t y  f a c t o r  yesterday? Well, i n  t he  interest  of saving t i m e ,  we 
are ready f o r  d i scuss ion  and quest ions from the  f loo r .  Who has tKe f i r s t  
ques t  ion? Yes Perry? Perry Rieppe 1 from Batte l l e  
ng. Did we hear somth ing  about 
M r ,  Rieppel: Why do you think t h a t  i f  you weld i n  an  air-condi-  
t ioned room you would cu t  down on poros i ty?  
M r .  Brown: I s a i d  i t  should be considered 'because we found i n  deal-  
ing  with molten metal i n  the  foundry t h a t  a i r -condi t ion ing  and taking out 
t he  humidity d id  r e s u l t  i n  gas-free products. 
M r ,  Riegpel: 'Then, i f  t h i s  were t rue ,  you would have t o  assume t h a t  
something went haywire wi th  the  sh ie ld ing  of t he  weld. Otherwise, t he re  
would be no problem. 
M r .  Brown: Mr.&eppel, I do no t  th ink  the re  i s  any doubt. 
t h a t  th ings  -go wrong wi th  the  puddle. 
every precaut ion you can t o  the  man t h a t  has t o  produce the  weld. He's 
l i v ing  on a ragged edge when he hasn ' t  got it. 
Tha t ' s  why I th ink  you ought t o  give 
M r .  Chyle: Yes, Nick Rackt ivi tch.  
M r .  Rackt ivi tch:  M r .  Brown, d id  you add boron t r i c h l o r i d e  i n  your 
gases  i n  the  molten metal?  
M r .  Brown: Yes, i t  was very e f f e c t i v e .  
Question: Would you a n t i c i p a t e  any t o x i c i t y  problem? 
M r .  Brown: Anytime you're using ch lor ine  products around molten 
metal, t h e r e f s  going t o  be a t o x i c i t y  problem. F i r s t  of a l l ,  you must 
make sure  you have an immersion and t h a t  the  o u t l e t  ho les  f o r  whatever 
tube you are using are completely immersed i n  the metal. 
have a hood f o r  venting. 
Also, you must 
M r .  Chyle: I ' d  l i k e  t o  o f f e r  a comment. You havenf t  s a id  anything 
t h i s  morning about the  moisture i n  your argon gas. Have you looked i n t o  
t h a t  phase of the  t e s t ?  So f a r ,  you've been t a lk ing  about t h e  ambient 
atmosphere, haven ' t  you ? What about i nves t iga t ing  the moisture i n  your 
iner t  gas? 
M r .  Brown: That was what I would consider  t o  be ambient atmosphere 
f o r  welding. We found many t i m e s  i n  t he  pas t ,  p a r t i c u l a r l y  i n  t i t an ium 
welding, and I ' m  sure  t h a t  a l l  of you agree,  t h a t  unless  we pu r i fy  those 
gases  as w e  rece ive  them, we are usua l ly  i n  t rouble .  There i s  no ques t ion  
t h a t  there  are contaminants i n  those gases  t h a t  we receive.  
M r .  Chyle: I be l ieve  t h e r e ' s  a paper going around t h a t  w i l l  have a 
bear ing on t h i s  f a c t o r ,  Monitoring the  Pur i ty  of the  I n e r t  Gases. Are 
the re  any o ther  quest ions a t  t h i s  timz? Y e s ,  t h i s  gentleman over there .  
6 1  
M r .  Civel lo:  Often- i t  i s  poss ib le  t o  make a completely porosi ty-  
free weld. 
being equal ,  suddenly we have porosi ty .  In  o ther  words, i t ' s  not repro- 
ducible.  Why c a n ' t  we con t ro l  i t ?  Why i s  i t  t h a t  one time we have a 
good weld, and the next time we have micro poros i ty ,  or s ca t t e r ed  poros i ty?  
When we repea t  t h i s  weld, a l l  parameters and a l l  condi t ions 
M r .  Brown:. I n  the  f i r s t  place,  I think you served me  a curve with 
the very f a l l a c i o u s  statement of your quest ion.  You sa id ,  l lAIP  o ther  fac- 
t o r s  being equal." If you had every th ing  else protected and everything was 
equal ,  t he re  is  no reason why it would not reproduce. B u t  somewhere along 
the  l i ne ,  you ' re  missing something. And t h i s  may not only be i n  your weld; 
i t  may be i n  your base metal. Don't f o r g e t ,  I s a i d  take a look a t  t h a t ,  too.  
I ' m  not convinced i n  my own mind t h a t  some of these segregat ions of mater ia l s  
which have a high s o l u b i l i t y  f o r  hydrogen can ' t  cause yau t rouble  i n  your 
we Id ing opera t ion. 
M r ,  Chyle: I ' d  l i k e  t o  a s k . t h i s  quest ion.  So f a r ,  t h i s  has been 
e n t i r e l y  on hydrogen i n  aluminum. Are we sure  t h a t  there  a r e n ' t  any other  
gases ,  such a s  n i t rogen ,  t h a t  might be c u l p r i t s  too? Is ni t rogen d e f i n i t e l y  
ru led  out? 
M r .  Brown: We use n i t rogen  a s  a degasser t o  take out hydrogen i n  
many hea ts  and you never f ind  any de le t e r ious  e f f e c t s .  I t ' s  almost impos- 
s i b l e  t o  t r a p  it i n  there .  I f  n i t rogen  does r eac t  i n  any way, a l l  i t  does 
normally i s  make a l i t t l e  g ra in  refinement with i t ' s  carbon or something 
e l s e  t h a t ' s  present .  There 's  been no problem as f a r  as I know. 
M r .  Chyle: Well, gentlemen, we could continue but our time i s  
I n  order t o  give the  o ther  speakers ample t i m e ,  I ' d  l i ke  running out. 
t o  thank you, M r .  Brown, f o r  a very i n t e r e s t i n g  p a p e r ,  and 1'11 tu rn  t h i s  
over t o  J i m  Orr who w i l l  introduce the  next speaker. 
M r .  O r r :  The next symposium w e  have w i l l  be on the r e l i a b i l i t y  of 
pro jec tors .  
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INTRODUCTION 
Poros i ty  and cracking i n  weld j o i n t s  have been ser ious  problems 
a s  long a s  fusion welding of aluminum has been prac t iced .  These weld 
defec ts  have grown more and more important as higher  and higher  s t r eng th  
a l l o y s  have been developed and used i n  all-welded, all-aluminum high- 
performance s t ruc tu res .  The Saturn f i r s t - s t a g e  booster  i s  a t y p i c a l  
appl ica t ion .  
The TIG welding process was being used qu i t e  extensively when 
the MEG welding process was developed i n  1946. 
i n  TIG welds i n  aluminum but not  so severe a s  i t  had been e a r l i e r  i n  
oxyhydrogen, oxyacetylene, and atomic-hydrogen welds. The e a r l y  M I G  
welds were very porous. 
porosi ty  before these  welds could be considered of much value.  
Poros i ty  was a problem 
It was necessary t o  do something t o  reduce 
Considerable information was ava i l ab le  concerning the  r o l e  of 
hydrogen i n  producing poros i ty  i n  aluminum cas t ings  and aluminum oxy- 
hydrogen and oxyacetylene welds. 
move the surface oxide l a y e r s  from the  M I G  welding w i r e  and the  surface 
of the weld j o i n t  j u s t  p r i o r  t o  welding. This was done and immediately 
the major pa r t  of t he  porosi ty  problem was solved. Much work has been 
done s ince  on methods of removing and con t ro l l i ng  the  surfaces  of alumi- 
num base p l a t e  and M I G  and TIG welding wires but the  bas ic  so lu t ion  t o  
the poros i ty  problem has remained about the same. 
The obvious th ings  t o  do were t o  r e -  
I t  a l s o  was learned i n  1946 t h a t  very e f f i c i e n t  sh ie ld ing  
aga ins t  a i r  and i t s  water-vapor content was necessary i n  order  t o  pro- 
duce sound welds. 
contact  the  molten aluminum weld pool, poros i ty  increased. Also, water 
vapor o r  hydrogen from any source such a s  sh ie ld ing  gases o r  f a u l t y  
equipment had t o  be el iminated,  o r  the porosi ty  increased. When a l l  
of these obvious precaut ions were taken, 95 percent of the porosi ty  
was el iminated near ly  a l l  of the time. This Ifphantom" cause of porosi ty  
of 1946 i s  s t i l l  around. Bas ica l ly ,  very l i t t l e  progress has been 
made i n  f r ee ing  aluminum welders from the  problem. 
I f  the  s l i g h t e s t  amount of humid a i r  was permitted t o  
I n  1946, a f t e r  everything t h a t  seemed reasonable had been done 
i n  terms of c leaning t h e  w i r e  and p l a t e  sur faces ,  providing an e f f i c i e n t  
sh i e ld  of pure dry gas,  severa l  experiments were performed i n  a c losed 
weliiing chamber. The chamber was f i l l e d  with high-puri ty  and very dry 
argon, and the sur faces  of the f i l l e r  wire  and base p l a t e  were removed 
mechanically i n  t h i s  chamber. Welds were made i n  the chamber with the  
f r e sh ly  cleaned w i r e  and p l a t e .  However, i n  sp ize  of a l l  precaut ions,  
porous welds would come alone when l e a s t  expected. 
gen o ther  than t h a t  contained wi th in  the  p l a t e  and w i r e  were believed 
el iminated.  
s tandards.  It was concluded t h a t  the hydrogen came from the  base p l a t e  
and/or t he  wire .  
A l l  sources of hydro- 
The welds contained too much porosi ty  t o  meet very high 
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I n  1964 the  b a t t l e  with "too much" porosi ty  i n  very high-qual i ty  
welds f o r  the  Saturn booster  and other  s t r u c t u r e s  s t i l l  goes on. 
we see it ,  then we don ' t .  
i t?  It could be: 
F i r s t ,  
When it suddenly appears - what may have caused 
(a) 
(b) 
(c)  
Wire surface (H20 o r  hydrocarbons) 
P l a t e  surface (H20 o r  hydrocarbons) 
Moisture and/or hydrogen i n  sh ie ld ing  gases 
(d) Poor sh ie ld ing  and moisture from a i r  
(e) I n t e r i o r  of p l a t e  and/or w i r e .  
For the purpose of t h i s  discussion,  i t  w i l l  be assumed t h a t  every- 
th ing  has been cor rec ted  but ( e ) .  
of the elements i n  the composition of p l a t e  and welding w i r e .  Evidence 
t h a t  l i n k s  weld-joint porosi ty  with the  i n t e r n a l  hydrogen content of 
p l a t e  and welding w i r e  w i l l  be reviewed. 
Also, hydrogen i s  considered a s  one 
The o ther  common defec ts  of weld metal  and hea t -a f fec ted  zones 
a r e  cracks.  In te rna t iona l '  l i t e r a t u r e  on alurninum cas t ing  and aluminum 
welding contains  grea t  volumes of information t h a t  a s soc ia t e s  cracking 
problems t o  a l l o y  compositions. There i s  much confusion i n  these r e -  
po r t s ,  but a l s o  many very good cause-and-effect r e l a t ionsh ips .  While 
t h i s  subjec t  i s  very 1arge;a review of some of the major aspec ts  i s  
made. 
POROSITY 
Heats of a l l o y  aluminum f o r  p l a t e  production a r e  melted i n  
var ious  types of furnaces ,  many of which a r e  the reverberatory type 
and use hydrocarbon fue l s .  There a re  severa l  sources of hydrogen which 
can become dissolved i n  the  metal  during t h i s  operat ion.  The major 
source of hydrogen i s  the  r eac t ion  of water vapor with molten aluminum 
which produces nascent hydrogen. 
Moisture i s  ava i lab le  from several  sources: 
(1) It i s  an  end product of the  combustion of 
hydrocarbon f u e l s ,  hydrocarbons f a i r  
H20 + CO + C02 + other  gases.  
(2) Moisture a l s o  en te r s  t h i s  r eac t ion  a s  water 
vapor i n  the' a i r  used i n  burning hydrocarbons. 
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(3) The scrap, ingot, and master alloying additions 
of the charge contain some (and can contain great 
quantities) of H20 combined with aluminum oxide 
surface layers. 
Other sources of hydrogen that may dissolve in the melt are: 
(1) Hydrogen (atomic) in solid solution in the 
mdterials of the charge 
(2) Molecular hydrogen in blowholes and other 
voids in the charge materials 
(3) Breakdown of the fuels may produce some nascent 
or molecular hydrogen. 
If molecular hydrogen is available over the melt at 1200 to 1400 
of it can be ionized to nascent hydrogen and be F, about 0.012 percent 
in equilibrium with molecular hydrogen: 
H2 f=t: 2H+ (0.012%) 
at 1200 F 
Nascent hydrogen from this source can dissolve rapidly and thus keep 
the reaction moving "to the right", producing more ionized hydrogen. 
The rate at which hydrogen is dissolved in the melt depends 
on the composition of the alloy and the partial-pressure of-nascent 
hydrogen at the unprotected surface and time and temperature. A film 
of aluminum oxide over the surface can ,slow down solution of hydrogen 
greatly. The presence of water 
vapor in contact with an unprotected melt surface produces a very high 
partial pressure of nascent hydrogen and thus the melt becomes saturated 
very fast. Magnesium in an alloy further increases the hydrogen content 
because of its When the melt is saturated at a given 
temperature the molecular hydrogen above the melt and the atomic hydrogen 
in the melt are in equilibeium as follows: 
It also can prevent escape of hydrogen. 
reaction with H20. 
A He g- 2H+ 
Above melt In melt 
The amounts of hydrogen in solution in the saturated molten 
aluminum at various temperatures is shown by Figure I 
temperature of the melt, for example 700 C ,  there can be, and often is, 
1 cc of H2 per 100 grams of aluminum if the melt is saturated or in 
equilibrium with 1 atmosphere of hydrogen. If this amount of hydrogen 
were converted to bubbles at 1200 F, it would represent about 8 percent 
of the aluminum by volume. 
At the normal 
This is shown schematically to scale by 
Figure 2 
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Figure 1. Solubility of Hydrogen in Aluminum 
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37CC (100 GM) ALUMINUM (6OOOC) 
2 e 4CC H Y D R O G E F  
0.7CC HYDROGEN* 
*VOLUME OF HWROGEN (S.T.P.) SOLUBLE I N  100 GRAMS OF 
L I Q U I D  ALUMINUM AT 660OC. 
**VOLUME OF HYDROGEN (0.7CC AT S.T.P.) AVAILABLE FOR' 
BUBBLE FORMATION AT 660OC. 
Figure 2. Relat ion of Po ten t i a l  Volume of Hydrogen t o  Volume of Aluminum 
From Which i t  Can P rec ip i t a t e  During Freezing a t  66OOC. 
Referr ing again t o  F igurgL,  when aluminum and i t s  a l l o y s  so l id -  
i f y ,  t h e  s o l u b i l i t y  f o r  hydrogen decreases very much; 
has less than 1/10 the  So lub i l i t y  of the  m e l t .  
r ap id ly  becomes supersaturated and bubbles of hydrogen a r e  evolved. 
Many may reach the  sur face  and leave the metal .  Others a r e  trapped a s  
blowholes, pinholes,  o r  irregular'grain-boundary c a v i t i e s .  
aluminum may end up by being supersaturated with hydrogen i n  the  s o l i d  
condi t ion  i f  cool ing i s  s u f f i c i e n t l y  rapid.  
The s o l i d  metal  
A s  t he  m e l t  cools  it 
The s o l i d  
I n  pract;ce,.considerable e f f o r t  is made t o  remove the  hydrogen 
This has  t o  be done i n  order  t o  from t h e  m e l t  before  pouring ingots .  
ob ta in  reasonably sound ingots .  I n  t h i s  operaf lon,  the m e l t  goes through 
a degassing s t e p  t o  remove dissolved hydrogen and a f i l t e r i n g  s t e p  t o  re- 
move dross  and o ther  fore ign  p a r t i c l e s .  P rac t i ce  v a r i e s  but  usua l ly  in-  
c ludes these  s t eps  before  going i n t o  :the rapid-quench ingot  process.  
Usually the  molten metal i n  the  ingot  mold i s  not  protected from the  a i r  
and i t s  moisture content .  
The most important par t s  of t h i s  operat ion,  f o r  this discussion,  
are the  degassing and pouring s t e p s .  
molten aluminum which has  a clean surface by sweeping a pure dry gas 
such as argon over the  surface and preventing moist a i r  o r  any source of 
hydrogen from contac t ing  it. This keeps the  p a r t i a l  pressure of hydrogen 
above t h e  m e l t  very low and atomic hydrogen w i l l  d i f fuse  out and be swept 
The hydrogen can be removed from 
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away a s  molecular H2. 
above the  m e l t  i s  evacuated, eventual ly  a l l  dissolved hydrogen could be 
removed from the  m e l t .  
f ace  i s  usua l ly  very small*compared wi th  the  volume of the  m e l t .  
p r ac t i ce  the  process i s  speeded up by c r e a t i n g  much more sur face  i n  the  
form of bubbles i n  the  molten metal .  
t he  m e l t  wi th  pure dry ch lor ine  (See igure  3 .) . There a r e  many v a r i a -  
t i o n s  t o  t h i s  prac t ice .  Again, i f  (1) the  hydrogen a t  the sur face  of t he  
m e l t  i s  swept away with dry gas containing no nascent hydrogen, and (2) 
t he  f lush ing  i s  continued long enough, e s s e n t i a l l y  a l l  hydrogen w i l l  be 
removed from t h e  m e l t .  I n  conmercial p rac t i ce ,  t he  removal of a l l  gas 
has  not  been accomplished cons i s t en t ly  because there  have been no quick 
and accura te  tests t h a t  w i l l  t e l l  the  opera tor  t h a t  a l l  of the  gas i s  out .  
Current l i t e r a t u r e ,  however, descr ibes  tests t h a t  may be put i n  p rac t i ce  
i n  the  fu tu re .  
I f  t h i s  type of sweeping ac t ion  i s  used o r  gn a rea  
This would take a very long t i m e  because the  sur -  
I n  
Bubbles a r e  usua l ly  made by f lush ing  
When the  m e l t  has been degassed t o  a low l e v e l  it i s  d i f f i c u l t  
t o  keep it a t  t h i s  low l e v e l  during pouring of the  ingot .  Pouring prac- 
t i c e s  again vary with producers, but f o r  t he  most pa r t  t he  metal i s  not  
protected from the  a i r  (and i t s  moisture) except by the A1203 surface 
l a y e r  during t h i s  shor t  t r i p  i n t o  the ingot  c h i l l  mold and while i t  i s  
f reez ing  there .  
opera t ion  from water vapor i n  t h e  a i r .  The pouring techniques are de- 
signed t o  keep the  gas pickup a s  small a s  possible  but  t he re  i s  a- good 
chance tha t  some i s  always picked up. 
The a l l o y  can pick up hydrogen very r ap id ly  during t h i s  
For the  purpose of t h i s  discussion: (1) 
some hydrogen i s  picked up dulting pouring. 
it i s  assumed t h a t  a 
It i s  not  unreasonable 
low l e v e l  of gas i s  not  always reached i n  t h e  degassing process,  and 
(2) 
t o  assume t h a t  f requent ly  during f reez ing  i n  the  ingot  mold supersatura-  
t i o n  occurs and blowholes, pinholes ,  o r  grain-boundary holes  a r e  produced 
i n  some pa r t  of t h i s  ingot .  
s o l i d  s t a t e .  This  i s  shown schematically i n F i g u r e  4 .  
The frozen metal  may be supersaturated i n  the  
The hydrogen content  of t h a t  ingot  i s  not the  amount shown f o r  
t h e  s o l i d  s o l u b i l i t y  i n  Figure 1. 
gen i n  s o l i d  so lu t ion  plus  the  molecular hydrogen i n  the holes .  
can be yery much higher  than Figure 1 shows. 
t r i b u t e d  uniformly i n  the  ingot .  
The t o t a l  content  i s  the  atomic hydro- 
The t o t a l  
Also it probably i s  not d i s -  
When an ingot  containing hydrogen, a s  explained above, i s  processed 
i n t o  plate  o r  sheet  the  hydrogen goes along and ends up i n  the f i n a l  pro- 
duct .  The blowholes, pinholes ,  and grain-boundary poros i ty  get f l a t t e n e d  
out  and welded toge ther  except f o r  very s m a l l  a reas  which conta in  the  gas 
under pressure.  This i s  shown schematically by Figure 5 .  
I n  the  course of processing the  ingot  t o  p la te  the  molecular hydro- 
gen i n  the  porosi ty  may be increased.  
migrate t o  the  holes  from supersaturated s o l i d  mater ia l  where it converts  
t o  molecular hydrogen and again sets up a H2 
on the tempeature and pressure.  
Additional atomic hydrogen may 
2H equi l ibr ium depending 
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CHLORINE ; ARGON 
Figure 3 .  Schematic Sketch Showing Molten Aluminum Being Degassed 
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INGOT 
0 
0 
e .0. 
0 
d 
BLOWHOLE 
PINHOLES 
MICROPOROS ITY 
Figure 4. Schematic Sketch Showing Blowholes, Pinholes, and Microporosity i n  an 
Aluhinum-Alloy Ingot 
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CROSS-SECTION OF AL PLATE OR SHEET ( OR WIRE) 
Flgure 5. Schematic Sketch Showing Molecular Hydrogen Occluded i n  P la t e  
I f  an ingot i s  processed i n t o  welding w i r e  the porosity 'likewise 
gets forced together, and fo r  the most partlpressure welded, but the 
hydrogen w i l l  s t i l l  remain i n  some pa r t s  of the now greatly elongated 
gas hole.  
The small pockets of hydrogen under pressure i n  the plate  o r  w i r e  
w i l l  be scattered i n  a pattern similar t o  t h e i r  or iginal  dis t r ibut ion i n  
the ingot. Some parts  of the plate  o r  w i r e  have none, others may have 
several. 
When plate  with the above his tory f i n a l l y  reaches the welding shop 
o r  brazing shop as  par t  of a s t ructure ,  some in t e re s t ing  things can happen. 
One o r  many of the f la t tened holes i n  the plate  may end up i n  a position 
. l ike t h a t  shown i n  Figure 6, 
I f  i n  the course of welding an area a pocket of gas i s  penetrated 
by the weld,  one thing i s  qui te  ce r t a in  t o  happen. A bubble w i l l  form. 
Depending on a l o t  of factors ,  t h i s  bubble may rise out of the weld pool 
and disappear. It was probably under pressure a t  ambient temperature i n  
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T I G  WELD 
43s 
A - TYPICAL HYDROGEN BUBBLE 
I N  WELD METAL,' ADJACENT 
TO LAMINATION I N  BASE 
PLATE. 
B - LAMINATION I N  BASE 
PLATE WHICH OPENED 
METAL. 
TO ADMITMOLTEN WELD 
Figure 6. Schematic Sketch Showing How Occluded Molecular Hydrogen 
May Form Poros i ty  
the p l a t e .  A t  1200 F under 1 atmosphere of pressure it could become many 
times the  s i z e  of i t s  .volume i n  the p l a t e .  It may get  out  during welding 
o r  i t  may be frozen i n  the  weld before anything but expansion takes  place,  
I n  the  l a t t e r  case i t  w i l l  show up i n  someone's radiographsand may cause 
r e j e c t i o n  of t he  weld. 
Such a pocket of gas may rise i n  the  weld pool d i r e c t l y  under the  
a r c .  I n  t h a t  case i t  may ionized t o  atomic hydrogen and go i n t o  so lu t ion  
again i n  the  h o t t e s t  p a r t  of the  weld. It may o r  may not  p r e c i p i t a t e  a 
bubble i n  cooler  regions of the  weld pool. I f  it does i t 'may escape o r  
be frozen i n .  
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As a matter of interest it might be worth while to mention that 
the weld pool of the inert-gas-shielded weld has ideal conditions for 
both (1) degassing the liquid aluminum if the shielding gas is pure and 
dry, or (2) charging hydrogen in, if somehow moist air or other hydrogen- 
bearing gases are mixed with the shield.. In both cases, except when direct- 
current straight-polarity TIG welding is tked, the surface of the weld is 
kept very clean by the inert-gas protection and the positive ion bombard- 
ment cleaning act.ion of the arc. 
A clean surface swept by high-purity dry inert gas is an ideal 
situation to remove hydrogen, especially in MIG welding when fine drop- 
lets are passing across the arc. Time, however, probably prevents much 
of anything from happening. 
The same very clean liquid surface swept by a gas containing 
some entrained moist air, or hydrogen from some other source, is ideal 
for charging hydrogen into the liquid metal. That is why a very effi- 
cient shield against air is necessary. 
It has been reported by some welders that a very small amount 
of oxygen added to the gas shielding of direct-current straight-polarity 
welding helps prevent porosity. Since this type of arc does not have the 
cleaning action that removes oxides on' the surface, a thin layer of oxide 
may form over the back part of the weld pool. 
hydrogen from being charged into the weld metal if some should be entrain- 
ed in the shielding gas. 
This could help prevent 
Returning again to Fggure 6,  another type of porosity is possible 
from the gas in the plate. 
zones of welds. 
area of the heat-affected zone and can form nearly round holes or more 
likely angul'ar holes. 
samples are shown in Figures 7 and 8 .  
This type can occur in the heat-affected 
The gas In the plate expands in the high-temperature 
This type of porosity has been observed and some 
80X 
Figure 7, Porosity in Heat-Affected Zone of 
Aluminum Weld (Westendrop) 
74 
300X 
Figure 8. Angular-Type Porosity in Heat-Affected 
Zone of 2024 Aluminum Alloy (Koziarski) 
Occluded gas in plate can produce another problem similar to that 
This occurs in brazing operations. in the heat-affected zones of welds. 
When aluminum reaches a normal brazing temperature it is within 50 to looo 
F of the melting temperature and has almost no strength. The gas occluded 
in the holes can expand and produce blisters as shown by the braze sample 
in Figure 9 ,  
Figure 9. Blisters in Aluminum Sample after Brazing Operation 
Those who produce high-quality wire for aluminum structural weld- 
ing also have problems with occluded gas from the original ingots. One 
recently described the need to have apparatus which inspects the 
wire for such defects by eddy-current methods and automatically cuts out 
. the sections which show defects. 
melted in the arc of the TIG welding process, the hydrogen may, or may 
not, end up in the weld. If it is released in the hottest part of the 
weld pool it will probably be dissolved and may, or may not cause porosity. 
If it is in wire used for MIG welding, it will be released in the hottest 
part of the arc. It will probably be dissolved but may, or may not, 
cause porosity. 
If wire containing internal hydrogen is 
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A mos t . i n t e re s t ing  a r t i c h o n  poros i ty  i n  aluminum welds found i n  
a recent  l i t e r a t u r e  search w a s  one i n  which the  au thors  reported adding 
1 cubic foo t  p e r  hour of dry ch lor ine  gas through the  contact  tube of a 
normally produce poros i ty .  
pu r su i t  of t h i s  idea might be worth while  = i n  s p i t e  of possible  t o x i c i t y  
and cor ros ion  problems presented by ch lor ine  i n  the  atmosphere. 
G gun. They c l a i m  t h a t  t h i s  e l iminated poros i ty  under condi t ions tha t ,  
The mechanism i s  not  expl+ned but  f u r t h e r  
As s t a t e d  e a r l i e r ,  t he  ffphantornfl cause of poros i ty  i s  s t i l l  with us. 
L i t t l e  b a s i c  progress  has  been made s ince  1946 i n  e l iminat ing t h i s  curseo  
There is wp1.e evidence t h a t  t he  t o t a l  i n t e r n a l  hydrogen content  of base 
p l a t e  and wire  may sometimes be t h e  "phantom" who s t r i k e s  even when a l l  
guards a re .pos ted .  Future p rec i s ion  cont ro l  of hydrogen i n  the  base p l a t e  
and w i r e  may be  an important s t e p  toward f i n a l  e l iminat ion of the  problem. 
CRACKING 
There is a g r e a t  volume of information i n  t h e  in te r r ia t iona l  l i t e r a t u r e  
dat ing back i n t o ' t h e  1930 period on cracking of aluminum-alloy cas t ings  and 
welds. 
l i t e r a t u r e  of the  United S ta t e s .  A g r e a t  bulk of t he  bas i c  information has  
been published by fh6 B r i t i s h .  
Only a f e w  papers  on the  subjec t  a r e  t o  be found i n  the  welding 
Cracking i n  fusion-welded j o i n t s  in .  aluminum .al loys i s  d i r e c t l y  
r e l a t ed  t o  the  composition of t he  a l loy .  This i s  s imi l a r  t o  cracking i n  any 
o ther  group of a l loys .  There i s  always a fundamental l i nk  back t o  composition, 
j u s t  as any o ther  property of an a l l o y  can be r e l a t e d  t o  composition. 
compositions a r e  very 'c rack  s e n s i t i v e  and o the r s  are only s l i g h t l y  crack 
s e n s i t i v e  under a given s e t  of condi t ions.  
t h a t  it i s  not poss ib le  t o  weld them under normal condi t ions-and a r e ,  there-  
fo re ,  not  used f o r  welded construct ion,  
a s  deasured by a given s e t  of condi t ions can be increased o r  decreased by 
changing condi t ions.  
a r e  welding processes,  preheat ,  cooling r a t e ,  weld t r ave l  speed, weld s i z e ,  
gas content ,  'condition of p l a t e  before  welding, g r a i n  s i z e ,  e t c .  
Some 
Some a l loys  a r e  so crack s e n s i t i v e  
The crack s e n s i t i v i t y  of an  a l loy ,  
Some f a c t o r s  which have a d i r e c t  inf luence on cracking 
Weld cracking has been c l a s s i f i e d  i n t o  two broad c l a s ses  a s  follows: 
(1) Cracking above so l idus  
) Cracking below so l idus  
The predominant type i s  the  cracking above so l idus  (or  hot  cracking) which i s  
in te rgranular  i n  nature .  It may occur i n  the  weld m e t a l  o r  i n  the  heat-  
a f f ec t ed  zone sepa ra t e ly  o r  together.  
g ranular  i n  na ture  but  i n  some ins tances  a r e  reported t o  be  tpansgranular.  
This type of cracking occurs i n  weld metals  and i n  hea t -a f fec ted  zones* 
Alloys suscep t ib l e  t o  cracking a t  temperatures above the  so l idus  may not be 
suscep t ib l e  t o  cracking below the  so l idus ,  and the  converse a l s o  may be t rue .  
Cracking may occur a t  temperatures both above and below the  so l idus  i n  the  
same a l l o y ,  and f i n e  cracks formed a t  temperatures above t h e  so l idus  may, 
because of the& s t r e s s - r i s i n g  e f f e c t ,  i n i t i a t e  cracking a t  temperatures 
below the  so l idus  when t h e  cooling cont rac t ion  of the  metal is res t ra ined .  
Below-solidus cracks may be  i n t e r -  
76 
Cracking i n  weld metal  and hea t -a f fec ted  zones is  believed by some t o  occur 
with t h e  sudden d i s s o l u t i o n  of gas  a t ,  o r  near,  t h e  f reezing poin t  of t h e  a l loy .  
A s  soon a s  an a l loy ing  element is added t o  aluminum such a s  copper, 
magnesium, o r  z inc  t h e  temperature range from t h e  s t a r t  of s o l i d  formation down 
t o  t h e  poin t  when t h e  a l l o y  is  completely s o l i d  (or th8 l iqu id-so l id  range) is 
lengthened. When a n  a l l o y  cools  through t h e  l iqu id-so l idus  range a series of 
t h ings  happen. 
of t h e  s o l i d  phase and l i q u i d  phase a r e  i n  equilibrium. 
a weld o r  a cas t ing ,  f r eez ing  near ly  always progresses too f a s t  f o r  s o l i d - l i q u i d  
equi l ibr ium condi t ions t o  e x i s t .  I n  these cases ,  a l loy ing  elements continue 
t o  concentrate  i n  the  l i q u i d  phase which i n  t u r n  extends the  l iquid-sol idus 
temperature range and f i n a l  fre'ezing may no t  occur u n t i l  t he  l i q u i d  phase 
becomes gn e u t e c t i c  
It may cool under equilibrium conditions,  t h a t  is, t h e  composition 
On t h e  other  hand, a s  i n  
I n  t h i s  f reez ing  process,  t he  f i r s t  n u c l e i  of gra ins  appear a t  t h e  high- 
The nuclei  of g ra ins  develop i n t o  est temperature i n  t h e  l iqu id-so l idus  range. 
dendr i tes  as cool ing and s o l i d i f i c a t i o n  progresses.  These dendr i tes  progressively 
develop branches which eventual ly  i n t e r l o c k  with branches of o ther  dendri tes .  
Liquid phase c o l l e c t s  and may be trapped between t h e  dendr i te  branches. These 
pockets of l i q u i d  may be c u t  o f f  from other  l i q u i d ,  and as the dendr i tes  continue 
t o  cool  and shr ink  t h e r e  may no t  be enough l i q u i d  t o  f i l l  the  space,  and separa- 
t i ons  c a l l e d  "hot tears" o r  "hot cracks" develop. 
I f  a l l o y s  are cooled under equi l ibr ium condi t ions,  the ones having the 
g r e a t e s t  f reez ing  range o r  l iqu id-so l idus  temperature exhibi ted the  g r e a t e s t  
tendency t o  ho t  c r a c k  This 3s because the  dendr i tes  have more t i m e  t o  grow 
and thus shrinkage dimensions reach a maximum. 
A s  s t a t e d  previously,  equi l ibr ium condi t ions almost nev,er e x i s t  during 
cool ing of a weld o r  cas t ing .  Also, i f  cool ing is f a s t  enough, the f i n a l  
s o l i d i f i c a t i o n  may t a k e  place a t  e u t e c t i c  temperature where the  l i q u i d  phase 
reaches the e u t e c t i c  composition, This l i q u i d  e u t e c t i c  phase may se rve  a usefu l  
purpose by f i l l i n g  the  shrinkage spaces t h a t  otherwise might be produced between 
dendri tes .  I n  o the r  words i t  "heals" p o t e n t i a l  crack areas .  Eutec t ic  composition 
i s  found frequent ly  between dendr i tes  of welds and cast ings.  
According t o  seve ra l  authors  the e u t e c t i c  phase i s  o f t e n  necessary 
(not a l w a y s )  t o  prevent hot  cracking. 
too much t o  prevent cracking. 
There can be too l i t t l e  of i t  but  seldom 
Many inves t iga t ions  have been reported,  e s p e c i a l l y  by t h e  B r i t i s h ,  on 
the  above so l idus  cracking c h a r a c t e r i s t i c s  of binary,  ternary,  quaternary,  and 
more complex a l l o y s  i n  r ing  cas t ings  and r e s t r a i n e d  weld testsI  
pure aluminum can be welded on c a s t  without cracking. 
a r e  added t h e  f reez ing  range i s  increased and cracking increases.  
element such as s i l i c o n ,  copper, o r  magnesium i s  added t h e  cracking reaches a 
maximum f o r  a given se t  of condi t ions and then decreases again t o  a r e l a t i v e l y  
low level. Figures 10a and 10b show the  r e s u l t s  of t h e  addi t ion  of s i l i c o n  t o  
pure aluminum upon t h e  crack s e n s i t i v i t y  of small tes t  cas t ings  and res t ra ined  
welds. Similar d a t a  are ava i lab le  f o r  binary a l l o y s  formed with near ly  a l l  of 
t he  major a l loy ing  elements used with aluminum. 
23 percent by volume of e u t e c t i c  i s  needed t o  prevent cracking i n  A1-Si, A1-Cu, 
and AI-Mg a l l o y s o  
Commercially 
When small  a l l o y  addi t ions  
A s  more of  an 
Some a u t h o r i t i e s  have found t h a t  
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Figure lob. Cracking of Reserained Welds in Aluminum-Silicon Alloys of 
Commercial Purity (Singer and Jennings) 
The cracking tendency, as determined by a restrained weld test, of ternary 
alloys of aluminum-copper-silicon is shown by Figure 11, 
cracking occurs when the l percent copper and 1 percent silicon are added - 
the minimum when the alloy contains 9 percent copper and 3 percent silicon, 
The cracking tendencies of a series of complex aluminum-zinc-magnesium-copper 
alloys are shown by Figure 12, In these alloys, cracking increases and then 
decreases as the percentage of copper and zinc are increased together, 
similar result can be seen as zinc and magnesium are increased togetherb 
other diagram shown in Figure 13 shows cracking characteristics for a quaternary 
alloy, 
In this system maximum 
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Figure 11. The Cracking of Restrained Welds i n  Aluminum-Copper- 
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Figure 13. The Cracking Characteristics of Quaternary Alloys of 
Aluminum-Magnesium-Copper-Zinc (Pymphrey) 
81 
As stated previously, British researchers have reported many alloy studies 
made with ring castings, various types of restrained weld tests and axyhydrogen, 
oxyacetylene, and TTG welding processes. Information from these experiments 
have had an important role in development of weldable alloys. 
Some contradictions (or exceptions) develop when various sets of data are compared 
because test conditions vary widely. 
conclusions have been made as follows: 
Some agreements exist, however,-and some 
(1) A base metal of a given alloy series should be 
welded with a filler metal of the same series 
but of a higher alloy content. 
(2) Additions of grain-refining elements such as 
titanium, boron, zirconium, and vanadium re- 
duce hot cracking. 
(3) The silicon content of A1-Mn alloys should be 
a little less than the iron content. 
(4) Impurities such as arsenic and calcium increase 
cracking . 
(5) Alloys that weld satisfactorily with the TIG 
process may not perform the same with oxyhydrogen 
or another process. 
The first and sqcond of these conclusions made several years ago are 
used widely today. 
with 2014. 
For example, 2219 is welded with 2319 and 2014 is welded 
Cracking below the solidus has been observed in welds of alloys in the 
system of aluminum-copper-magnesium, aluminum-copper-magnesium-silicon, and 
aluminum-zinc-magnesium. 
metallic compounds which have low ductility or are brittle. 
occur in the grain boundaries, then the alloy may crack under conditions of 
severe restraint at temperatures in the range of 100 to 200 C. 
This type of cracking has been related to inter- 
When these compounds 
In many cases small multidirectional cracks called "crazing" have been 
observed. These cracks have been found in the root weld and sometimes extend 
to the heat-affected zone. 
with porosity and may be produced by the escaping gas, which forces aside the 
thin film of liquid between grain boundaries and lifts up the grains. 
occur just prior to, or at, solidus temperature. 
It has been suggested that "crazing" may be connected 
This may 
During welding, a portion of the heat-affected zone close to the fusion 
As the distance line of the weld is heated t o  nearly the melting temperature. 
from the fusion zone increases the temperature reached during welding decreases. 
Within this zone temperatures are reached which can do some important things 
which follow: 
(1) Expand small pockets of molecular hydrogen 
which may be occluded in the base material and 
produce a crackr 
a2 
Cause precipitation of intermetallic compounds into 
the grain boundary or overage the alloy. These in- 
termetallic compounds may be lower melting than the 
grains and thus incipient melting can occur. Under 
stress these areas may crack. 
peripheries of alloying elements under some condi- 
tions leave the grain boundaries and the body of 
the grains stronger than the peripheries. Under 
stress these areas sometimes crack. 
Depletion of grain 
Aluminum-magnesium alloys containing 4.5 percent magnesium are known 
to crack in the heat-affeceed zones. 
rewelding on alloys such as 2014 and 2024 have frequently produced heat- 
affected-zone cracks. 
to weld as rapidly as possible using minimum heat and avoid rewelding. 
Large heat-affected zones and repeated 
A conunon precaution against this type of cracking is 
As stated previously, weld and heat-affected-zone cracking tendencies 
of aluminum alloys are directly related to alloy composition. Cracking, 
however, must be measured under a given set of conditions if comparisons 
are to be made. 
creasing or decreasing cracking. 
ence is that of welding processes. 
shows a marked’change in the amount of cracking in aluminum-copper binary 
alloys when welded with oxyacetylene and TIG processes. 
a generalized illustration of the effect that processes have on cracking in 
aluminan binary alloys. 
by a broken line beeause data are not available to properly locate it. The 
general pattern remains the same. The maximq cracking occurs at lower and 
lower alloy contents as oxyacetylene, TIG, and MIG processes are used. The 
maximum temperatures reached by weld metal, the size of weld pool, the heat- 
affected zone all change with the three processes, and in some ,complex way 
change cracking results. This leads one to speculate where the cracking 
curves for the same alloys for electron beam and processes such as narrow- 
gap welding, Figure 16might fall on this chart. 
Changes in conditions have an important influence on in- 
A typical example of this type of influ- 
This is illustrated by Figure 14 which 
Figure 15 gives 
The MIG part of this illustration is represented 
It has been demonstrated that a change in shielding gas only from 
100 percent argon to‘65 percent helium - 35 percent argon can change the 
cracking curves as shown in Figure 17. Discontinuous TIG welds show a 
greater tendency to crack than continuous welds in otherwise duplicate 
restrained weld tests, as shown in Figure 18 . 
There is much other evidence that illustrates how the amount of 
cracking for a given alloy or series of alloys can be changed with weld- 
ing conditions. There is a definite lack of basic information in welding 
literature on the cracking characteristics of aluminum base plate and 
filler alloys when welding is done with MIG, electron beam, and other 
processes developed in recent years. 
ful in guiding future alloy developments. 
which the thermal cycles and stress conditions that obtain in almost any 
weld or heat-affected zone can be reproduced at will. 
of equipment and simple specimens should provide futher guides to base 
plate and filler-alloy development. 
More data of this type could be use-. 
Apparatus is also available in 
Use of this type 
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Figure 14. Cracking Curves for Aluminum-Copper Alloys (Pumphrey) 
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Figure 15. Effect of Welding Processes. on Cracking (Young) 
Figure 16. Narrow-Gap M I G  Weld i n  2219 Allow 
3 Inches Thick-2319 F i l l e r  Metal 
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Figure 17. Weld Cracking of >Aluminum-Magnesium Alloys in 100% A 
and 65% He-35% A (Dowd) 
It is probably true that no aluminum-alloy composition will resist 
What can be hoped for are 
weld'cracking under all welding conditions. Also, almost any alloy can 
be welded under certain restricted conditions. 
future alloys of high strength levels that have a high degree of resis- 
tance to cracking under normal welding conditions, and the other properties 
that make them useful. 
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Figure 18. Effect of Magnesium Content of Weld Bead on Cracking of 
Welds in Aluminum-IMagnesium Alloys (Dowd) 
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DISCUSSION 
M r .  Gordon Parks:  Perry,  did you imply t h a t  perhaps we're lacking i n  
our m e l t  con t ro l ?  And i s  there  any evidence to  subs t an t i a t e  t h a t  other  than 
what you have of fe red  here?  
M r .  Rieppel: Well, I think I s m  implying, and I think I s a i d  t h i s ,  t h a t  
when i t  comes to  degassing a mel t ,  there  have been no good methods r i g h t  on the 
opera tor ' s  bas i s  t o  determine i f  you have the gas out  or  i f  you don ' t  have it 
out .  (There a r e  some tests r i g h t  now tha t  look p r e t t y  good f o r  t ha t . )  So, 
when the degassing i s  done, t hey ' r e  not c e r t a i n  whether they have i t  out  ade- 
qua te ly  o r  not.  
you could on a production bas is  every now and then have a m e l t  t h a t  i s  not  
degassed enough. And then, whenyou car ry  t h a t  over t o  the ingot ,  you can produce 
blow holes .  
Now, I don ' t  say there  a r e  no con t ro l s ,  but  I ' m  saying t h a t  
M r .  Parks: Now, the second quest ion r e l a t e s  t o  the paper by M r .  Schwenk 
H e  ind ica ted  t h a t  poros i ty  yesterday morning concerning e l ec t ron  beam welding. 
was a problem. Based on. your conclud-ing statemefits would t h a t  be a t rue  
ind ica t ion  t h a t  the gas i s  trapped i n  the base metal?  
M r .  Rieppel: Not necessar i ly .  You s t i l l  have a sur face .  You s t i l l  have a 
couple of sur faces  t h a t  a r e  involved. 
10 minutes l a t e r  i t  has some oxide and water on i t .  So, i t ' s  very d i f f i c u l t  t o  
know t h a t  you have a c l ean  sur face .  
cleaned i t  a t  some t i m e ,  whether i t  was i n  the e l ec t ron  beam u n i t  o r  somewhere 
e l s e .  Now, the f a c t  t h a t  i t ' s  i n  the  vacuum would not necessar i ly  remove the 
moisture t h a t  i s  on the  sur face ,  because i t  i s  combined with the oxide, and X 
don ' t  think the vacuum would necessa r i ly  remove a l l  of i t .  ' I t  codld point  t o  
the ques t ion  t h a t  i f  you had cleaned up everything and were sure  i t  was clean,  
where e l s e  does the porosi ty  come from? 
f o r  perhaps l i t t l e  shrinkage cracks o r  l i t t l e  shrinkage holes .  This i s  not too 
d i f f i c u l t  t o  do when you ge t  down on the micro s i z e .  
shrinkage holes f o r  porosi ty .  However, i f  they a r e  round, I would suspect  
there  was some gas there .  
You know t h a t  i f  you c lean  a sur face  now, 
If you're welding a j o i n t  together ,  you 
Sometimes we a r e  mistaking porosi ty  
You may mistake l i t t l e  
M r .  Chyle: Is there  another ques t ion?  
M r .  J i m  Williams: Perry,  I have a ques t ion  concerning the poros i ty  t h a t  
occurs i n  aluminum. Sometimes when w e  look a t  the f r a c t u r e  of our t e n s i l e  
specimens, we can note a r e s idua l  on the  sur face  of the  pore i t s e l f .  Have your 
s tud ie s  included any ana lys i s  of the contenc of t h i s  res idue  which sometimes i s  
a brown color ,  sometimes a black co lo r ,  and the pore i t s e l f  appears t o  be very 
b r i g h t ?  Have your s tud ie s  included any review of these  r e s idua l s ,  t h e i r  content ,  
and what may cause them? 
M r .  Rieppel: We looked a t  a couple of samples of t h i s  kind j u s t  r ecen t ly  
with the e l ec t ron  micro probe. The only thing we found---this was i n  2219--- 
was q u i t e  a b i t  of the aluminum-copper compound there .  
t h i s  would i n  any way account f o r  t h a t  sur face  appearance. 
say what t h i s  d i r t y  co lor  might be. A t  the temperature t h a t  the bubble w a s  formed, 
you could not expect any vaporized metal. Now, when you see  the smudge along the  
s i d e  of a weld, t h i s  f o r  the most pa r t  is condensed metal t h a t  was vaporized, and 
Now, I don ' t  know i f  
Otherwise, I c a n ' t  
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i t  w i l l  look somett;ling l i k e  the smudge you see on t h e  in s ide  of a hole.  But, I 
don ' t  know i f  i t  i s  the  same o r  not.  
on a weld t h a t  i s  a l i t t l e  b i t  brown and d i r t y ,  bu t  I would not expect n i t rogen  
i n  t h i s  p lace  e i t h e r .  
Nitrogen w i l l  sometimes give you a su r face  
M r .  Cline: Perry,  we r an  some eva lua t ions  on the  weld poros i ty  and 
we found i n  almost a l l  cases, and forJ im's  b e n e f i t  t o o , . t h a t  inherent  gas 
poros i ty  i s  almost invar iab ly  clean. We a l s o  .found the poros i ty  i s  o f t e n  
caused by hydrocarbons t h a t  e n t e r  t he  weld puddle from the cold w i r e  feed, 
i n  the case of TIG welding, and t h a t  these  sur face  oxides i n  many cases can 
be a hydrocarbonous type of material. 
spooling o r  r e e l i n g  material through t h e  w i r e  feed, o r  fore ign  substance can 
and o f t e n  does contaminate the  w i r e  guide system. 
The e n t r y  of small p a r t i c l e s  of 
M r .  Rieppel: I th ink  tha t .  i f  you had hydrocarbons involve 
you could have some of t he  products of breakdowns of hydrocarbons---they might 
depos i t  along with the bubble.of hydrogen. This I th ink  would be possible.  As 
a r u l e ,  I ' a g r e e  t h a t  p r a c t i c a l l y  a l l  t he  holes I have ever seen---the ones 
t h a t  you break open---areaquite c l ean  and q u i t e  shiny on the  in s ide .  
Question: Perry,  one thing d i s t u r b s  me  i n  seeing some of your s l i d e s  
and l i s t e n i n g  t o  the  t a l k .  Normally, i n  the  s o l i d i f i c a t i o n  of a metal ,  we 
have a s o l i d i f y i n g  frofit .  I n  t h i s  case  i n  welding, s o l i d i f i c a t i o n  i s  so rap id  
i t  would be a d e n d r i t i c  growth, which means we would have a main branch going 
out  and s i d e  branches going .of f  the main. Based on the-curve  shown by you and 
H i ,  which shows the  r ap id  drop i n  the  hydrogen content ,  going from l i q u i d  t o  
s o l i d ,  you would expect the  hydrogen o r  whatever gas t h a t  might a r i s e  t o  be 
r e j ec t ed  t o  the s o l i d i f i e d  f r o n t  of t he  l i q u i d .  And y e t ,  when we look a t  a 
l o t  of t he  metallography of welds, much of the  poros i ty  i s  i n  the dendr i te  i t -  
s e l f .  I f i n d  t h i s  hard t o  understand. It is  d i s tu rb ing .  
Mr'. RieppeJ: I th ink  t h a t  p a r t  of t h a t  may be due t o  the  f a c t  t h a t  i t  
i s  cooling so r ap id ly .  But t he re  probably i s  a case t h a t  as the  dendr i t e s  a r e  
formed, you a r e  extruding, i n  e f f e c t ,  the  l i q u i d  i n  betwe'en them, and t h i s  i n  
most cases  would be car ry ing  most of the  hydrogen you would expect t o  be 
deposited on the  g r a i n  sur faces  as they a r e  being formed. But I can not 
answer your questions a s  t o  j u s t  why you would f i n d  them i n  a dendr i te ,  unless 
t h i s  was aga in  f r eez ing  f a s t  enough t h a t  i t  j u s t  go t  trapped there .  
explain why you might f i n d  one r i g h t  i n  the dendr i t e .  
I c a n ' t  
M r .  Schwartzbart: Perry, another th ing  t h a t  bears on a l l  t h i s ,  of 
course, is the v i s c o s i t y  which goes up enormously around the  so l idus ,  The gas 
i s  t ry ing  t o  ge t  ou t ,  and the thing t h a t ' s  keeping i t  i n  i s  the v i s c o s i t y  of 
the l i q u i d  ma te r i a l  t h a t  i t  has t o  go through t o  g e t  ou t .  
M r ,  Brown: Perry,  I want t o  make a comment because i t  may be pe r t inen t  
t o  the ques t ion  you were asked by S tan  a few minutes ago. 
the hydrogen could be taken out  of t he  bath by passing a gas, i n e r t  gas of 
some type, over the  su r face ,  This no t  t rue .  We found i n  aluminum p a r t i c u l a r l y  
t h a t  one reason why w e  bubble gas through metal i s  because the hydrogen i s  
many t i m e s  assoc ia ted  with oxygen i n s i d e  of a bubble,-unless i t ' s - i n s i d e  of a 
fi lm. 
p a r t i c l e s  of dross and w i l l  not come ou t  under any normal passage of a i r  on 
the sur face ,  even i f  i t ' s  conditioned air . .  
You sai-d t h a t  a l l  
This f i lm  i s  f i n e l y  divided and w i l l  f l o a t  i n  the form of very minute 
So you have t o  put something the re  
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which i n  essence a t t a c k s  t h a t  oxide f i l m ,  breaks i t  down, and releases the  
hydrogen. 
by the l a s t  gentleman as the reason why i t ' s  not moving with the f r o n t  and 
s o l i d i f y i n g  where i t  is .  
The t e n a c i t y  of t h i s  material may be t h e  same th ing  mentioned here 
M r .  Rieppel: You're saying t h a t  a p a r t i c l e ,  some non-metallic, g e t s  
caught i n  a dendr i te ,  and a bubble i s  forming around i t .  It has t o  have a 
nucleus t o  do t h i s ,  Well, t o  me a t  least, I th ink  t h i s  would make sense, 
But t h i s  matter of whether you g e t  it out o r  dont t  g e t  it ou t  may be a mute 
ques t ion  as t o  j u s t  how f a r  you can go, 
a n a l y s i s  of t he  gas t h a t ' s  i n  aluminum, you use a vacunmt 
a l l  you do i s  remove t h e  p a r t i a l  pressure of hydrogen, and i f  you keep t h e  
p a r t i a l  pressure down t o  zero,  anything tha t% i n  t h e r e  is  going t o  come 
ou t  except,for j u s t  whatever l i t t l e  pressure the re  i s  from the  head of 
aluminum which you may have. 
if you do t h a t  long enough. 
This might remain i n  your m e l t  and a bubble w i l l  c l i n g  t o  it. 
happend 
But i f  yvlu are going t o  run an 
I n  t h e  vacuum, 
Essen t i a l ly ,  nea r ly  a l l  of it w i l l  come out 
But as you say, you might t r a p  a non-metallicl 
This could 
M r .  Chyle: I wonder i f  someone from the  aluminum Company, here ,  might 
want t o  make a few statements as t o  the  presence o f ,  say, r e s i d u a l  hydrogen. 
Is  the re  any statement t h a t  w e  could hear from them? 
yourself  a l i t t l e  b i t ,  he re?  
Gus, do you wish t o  commit 
M r ,  Hogelund: Our problem is  measuring and con t ro l l i ng  it. As f o r  
the presence of hydrogen and remelting metal, we can s t a r t  c l e a r  back from 
the reduct ion  pot and s t o r i n g  of the ingot.  
you can g e t  bad q u a l i t y  metal. There a r e  some o the r  aspec ts  t o  t h i s  th ing  
though. 
has been considerable-work done i n  steel  and aluminum. I t ' s  a ques t ion  of 
where you put your Ftandards as t o  how much poros i ty  i s  permissible.  
been t a lk ing  about the  metal and how much hydrogen i t  'contains. A g r e a t  
dea l  of study of the  metallurgy, the  gas and so on is  going on, and these  
things are p r e t t y  w e l l  understood i n  the aluminum indus t ry .  
l e s s  than t h i s ,  a t  a reasonable c o s t ,  con t ro l  i t ,  and measure i t  i s  our problem. 
Perry made a very s i g n i f i c a n t  statement when he s a i d ,  "Methods are coming 
about which w i l l  measure hydrogen." 
con t ro l  i t ,  and w e ' l l  do t h a t .  
s t a r t e d  t o  improve q u a l i t y .  
missile i n d u s t r i e s  w i l l  apply the  pressure t o  improve t h i s  q u a l i t y .  
e f f e c t  on mechanical p rope r t i e s  of oxide f i l m  entrapment, and a g r e a t  many 
o the r  th ings ,  I th ink  i s  much more important. I don ' t  propose t o  g e t  i n t o  a 
d i scuss ion  a s  t o  how much poros i ty  e f f e c t s  the  performance of a weld, bu t  i f  
y o u ' l l  look a t  the  standards f o r  steel s t f u c t u r e s ,  the  amount of poros i ty  you 
fellows are t a lk ing  about i s  very small. 
corner by a t t ack ing  t h i s  s t u f f  and going t o  g r e a t  lengths t o  g e t  r i d  of i t .  
We'd b e t t e r  be su re  we want t o  g e t  r i d  of i t  and t h a t  i t ' s  necessary t o  g e t  
r i d  of it. But as f a r  as improving the  gas i n  the  metal, the  indus t ry  is i n  the  
fo re f ron t ,  I th ink ,  i n  both of these. methods. We're c e r t a i n l y  not  arguing 
with t h i s  point of view a t  a l l .  
You can ge t  good q u a l i t y  metal; 
There's nothing i n  he re  about the e f f e c t  of .poros i ty ,  although the re  
We have 
Now, how t o  g e t  i t  
I f  we can measure the hydrogen, we can 
This has been t r u e  i n  the  indus t ry  s ince  it 
And I think a i r c r a f t  and perhaps now the space 
The 
And we caq! ge t  ourselves i n t o  a 
M r ,  Chyle: I n  the  i n t e r e s t  of t i m e ,  we must c lose  t h i s  paper and, again, 
we wish t o  thank Perry R ieppe l  f o r  t h i s  very i n t e r e s t i n g  t a l k .  
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ABSTRACT 
Previous work has  c l e a r l y  demonstrated t h a t  hydrogen is  the  g r e a t e s t  
s ing le  cause of poros i ty  i n  welds. 
t h a t  t he  f i n a l  d i s t r i b u t i o n  of poros i ty  i n  aluminwin welds was determined 
by nuc lea t ion  and growth k ine t i c s .  
t o  ob ta in  a q u a n t i t a t i v e  desc r ip t ion  of  poros i ty  formation i n  terms of nuc lea t ion  
and growth r a t e s .  
It a l s o  ind ica t ed ,  i n  a q u a l i t a t i v e  way, 
This  work has  been extended i n  an e f f o r t  
Analysis of poros i ty  formation was undertaken usdng thermodynamic and 
c l a s s i c a l  nuc lea t ion  and growth r a t e  theor ies .  
t o  account f o r  unique weldmetal s o l i d i f i c a t i o n  phenomenon, appear t o  be capable 
of descr ib ing  the  k i n e t i c s  of poros i ty  formation i n  aluminum welds. 
These theo r i e s ,  when modified 
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INTRODUCTION 
The problem of poros i ty  formation i n  aluminum-base a l l o y  welds and 
cas t ings  has been the subjec t  of numerous inves t iga t ions  (References 1 
through 7 ) .  These and o ther  s tud ie s  have conclusively proved t h a t  hydrogen 
i s  the p r inc ipa l ,  i f  not the s o l e ,  cause of porosi ty .  An exce l l en t  annotated 
bibliography (Reference 8) presents  overwhelming evidence on t h i s  point .  
Although the r o l e  of hydrogen i s  wel l  known, v i r t u a l l y  nothing i s  known of 
the k i n e t i c s  of porosi ty  formation. An understanding of the k ine t i c s  i s  
e spec ia l ly  important i n  welding, where the range of heat ing and cooling cycles  
can e x e r t  important e f f e c t s .  
t h a t  poros i ty  formation i n  fus ion  welds may be q u a l i t a t i v e l y  described i n  terms 
of the nuc lea t ion  and growth concepts of physical  metallurgy. 
A recent  study (Reference 9) has demonstrated 
The complete understanding and t o t a l  so lu t ion  of the aluminum weldmetal- 
poros i ty  problem i s  dependent upon the  eventual q u a n t i t a t i v e  descr ip t ion  of 
nucleat ion and growth r a t e  phenomena. This paper descr ibes  an approach, whereby 
such fundamental da ta  may be obtained.  
adapta t ions  of thermodynamic and c l a s s i c a l  nuc lea t ion  and growth r a t e  theor ies .  
Unique phenomena assoc ia ted  with the s o l i d i f i c a t i o n  of weldmetal play very 
important r o l e s  i n  the  a n a l y t i c a l  approach. 
The methods of ana lys i s  employ novel 
A small number of specimens, remaining from a previous' i nves t iga t ion ,  
was used t o  gather  preliminary poros i ty  nucleat ion and growth r a t e  data  for .  
ana lys i s .  The r e s u l t s  of t h i s  ana lys i s  i nd ica t e  t h a t  the theo re t i ca l  approach 
i s  va l id  and should u l t imate ly  provide a more comprehensive understanding of the  
mechanisms of poros i ty  formation i n  aluminum-base a l l o y  welds. 
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Bac kpround 
A previous inves t iga t ion  (Reference 9) was performed i n  which the nature  
and causes of poros i ty  i n  aluminum weld  depos i t s  were s tud ied .  
showed t h a t , ' f o r  bead-on-plate, MIG-deposited welds i n  Type-3003 p l a t e ,  
moisture i n  the  a r c  atmosphere was the most s i g n i f i c a n t  cause of poros i ty  among 
the many f a c t o r s  s tud ied .  Porosi ty  concentrat ion increased sharply when the 
dew poin t  of the sh i e ld ing  gas exceeded minus 40°F. 
The r e s u l t s  
The dependence of porosi ty  formation on welding thermal va r i ab le s  was 
inves t iga ted  by depos i t ing  welds i n  moisture contaminated (dewpoint = -25 + 
5'F) a r c  atmospheres. 
concentrat ion on welding t r a v e l  speed f o r  a g iven - se t  of condi t ions.  
Figure 1 (Reference 9) depic t s  the dependence of poros i ty  
The welding condi t ions employed gave very l i t t l e  pozosi ty  a t  10 ipm, 
gross poros i ty  a t  25 igm, and moderate poros i ty  a t  40 ipm. Not only d id  the 
concentrat ion of poros i ty  e x h i b i t  a r e l a t i v e  maximum, but  the s i z e  of the 
ind iv idua l  pores tended to  vary from f i n e  a t  high t r a v e l  speeds t o  coarse  a t  
lower t r a v e l  speeds a The r e s u l t s  s t rongly  ind ica ted  t h a t  the f i n a l  d i s t r i b u t i o n  
and s i z e  of pores w a s  governed by the  time ava i l ab le  f o r  pore nucleat ion and growth 
during the t i m e  the weld deposi t  was so l id i fy ing .  
A s imi l a r  dependency i s  depicted i n  Figure 2 where poros i ty  concentrat ion 
i s  shown a s  a func t ion  of a cool ing-rate  parameter which i s  expressed i n  terms 
of severa l  welding va r i ab le s  (s = a r c  t r ave l  speed, ipm; I = arc cu r ren t ,  amperes; 
E = arc vol tage,  v o l t s ;  T o p l a t e  thickness) .  The paratneter w a s  taken from an  
a n a l y t i c a l  expression derived by Adams (Reference 10).  
welds deposited i n  a 65 percent helium-35 percent argon atmosphere (dewpoint = 
-25 2 5'F). 
o r  helium she i ld ing  exhibited- general ly  lower poros i ty  concentrat ions than those 
dep'osited with e i t h e r  argon o r  helium/argon sh ie ld ing .  
Figure 2 shows data  f o r  
Additional data  on welds made using moisture-contaminated argon 
A t  low values of the parameter, o r  slow cool ing r a t e s ,  the poros i ty  l eve l  
was found t o  be low and the few pores present  i n  the weld were l a rge  i n  s i z e .  
For high values  of the  parameter, o r  more rapid cool ing r a t e s ,  the poros i ty  
concentrakion tended t o  be low, and the pores were genera l ly  f i n e .  I n  between 
these two extremes the  porosi ty  l e v e l  exhibi ted a maximum, exceeding 25 percent 
by volume. The pore s i z e s  a t  the maximum l e v e l  were-general ly  r a the r  la rge .  
The dependency of porosi ty  concentrat ion (and s i z e  d i s t r i b u t i o n )  on the 
apparent cool ing-rate  may be q u a l i t a t i v e l y  explained i n  terms of nucleat ion and 
growth (Reference 9). Once a s t a b l e  pore i s  nucleated,  i t s  subsequent growth 
i equ i r e s  time f o r  the inward d i f fus ion  of hydrogen o r  f o r  coalescence with 
neighboring pores. 
would tend to  r e t a rd  growth s ince  the time ava i l ab le  f o r  hydrogen d i f fus ion  and 
coalescence would be b r i e f ;  hence', pore s i z e  w i l l  be small .  As the  cooling r a t e  
decreases,  the t i m e  ava i l ab le  f o r  pore growth w i l l  increase  and increased 
volumetric concentrat ions would be expected. 
s u f f i c i e n t  time would be ava i l ab le  f o r  the eventual outgassing of the hydrogen 
contained within the pores. A t  some intermediate  cooling r a t e ,  the time 
ava i l ab le  f o r  growth and coalescence would be of s u f f i c i e n t  dura t ion  t o  permit 
the formation of s u b s t a n t i a l  poros i ty  concentrat ions,  
Rapid cool ing r a t e s  (high values of the cool ing-rate  parameter) 
For extremely slow cool ing r a t e s ,  
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Figure 3 .  Typical R i p p l e s  on the  Surface 
of a Bead-On-Plate MIG-Deposited 
Weld i n  Type- 3003 P l a t e ,  
Light ly  Elec t ropol i shed ,  
1OX Magnitication 
41 W ELDl N G DIRECTION 
I n  summation, previous-work has demonstrated t h a t  nucleat ion and growth 
reac t ions  may be used t o  q u a l i t a t i v e l y  expla in  the  experimental r e s u l t s  r e l a t i n g  
to  poros i ty  formation i n  aluminum welds, 
dea l  with a t e n t a t i v e  q u a n t i t a t i v e  ana lys i s  and i t s  app l i ca t ion  t o  a small 
sample of porous weld depos i t s .  
The subsequent sec t ions  of t h i s  paper 
Weldmetal S o l i d i f i c a t i o n  Phenomenon 
Before proceeding with discussions of the theo re t i ca l  analys  is, Poros i ty  
considerat ion of the  mode of weldmetal s o l i d i f i c a t i o n  i s  necessary.  Many 
meta l lurg ica l  r eac t ions  t h a t  occur within a weld deposi t  w i l l  be s t rongly  
influenced by the mode of s o l i d i f i c a t i o n .  Po o s i t y  formation, as  w i l l  be 
discussed i n  subsequent s ec t ions ,  r enwsen t s  a meta l lurg ica l  r eac t ion  t h a t  f a l l s  
wi th in  t h i s  category.  
The s o l i d i f i c a t i o n  of the fus ion  zone of a weld depos i t  i s  r a t h e r  a unique 
phenomenon. Unlike cas t ings ,  weld depos i t s  f r eeze  a t  l e a s t  an order  of magnitude 
f a s t e r  than the  most rap id ly  c h i l l e d  cas t ing .  Furthermore, t he  thermal grad ien ts  
assoc ia ted  with a l i n e a r l y  moving cons tan t -ve loc i ty  a r c  impose a r a t h e r  unique 
hea t - t r ans fe r  condi t ion.  
leading edge of the molten weld-puddle (Reference 11). Somewhat l e s s  severe 
grad ien ts  e x i s t  near the  t r a i l i n g  edge of the molten weld puddle. As a r e s u l t  
of these  grad ien ts ,  s o l i d i f i c a t i o n  of the weld-puddle occurs i n  d i s c r e t e  
volumetric increments r a t h e r  than a s  a continuous s teady-s t a t e  process more 
c h a r a c t e r i s t i c  of a slowly s o l i d i f y i n g  cas t ing ,  
Extremely s teep  thermal grad ien ts  persist  a t  the 
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The discrete increments (referred to, henceforth, as ripple-zone volumes) 
manifest themselves as the commonly observed ripples on solidified weld surfaces. 
Figure 3 illustrates typical ripples .on the surface of a bead-on-plate fusion 
weld in 3003 aluminum alloy. 
on the surfaces of-most fusion welds. 
The pattern is representative of that observed 
The ripple-zone solidification time, and the corresponding ripple-zone 
volume, represent basic weld-deposit solidification-parameters . These parameters 
will be used extensively in the theoretical and experimental analysis of porosity 
nucleation and ,growth to be discussed in subsequent sections. 
Thermodynamic Nucleation and Growth Theory 
Classical thermodynamics (Reference 12) may be used to demonstrate 
the factors affecting the two major parameters (gas nucleation and pore 
growth) and to show how these may be used to explain observed, experimental 
behavior. 
Nucleation 
A stable nucleus of formerly dissolved gas will form when the Gibbs free 
energy (AF) becomes negative. This quantity may be expressed as the sum of 
component free-energies: 
Equation (1) 
= -AFm +AF, +AFc +AF 
e, 
where AFm is the chemical free energy of the nucleating gas, AF, is its 
surface free energy, AFc is its strain energy, and AFe is the change in 
free energy resulting from the change in its internal pressure. Since 
this work is pr’imarily concerned with gas evolution in the liquid state, 
Under these condition$, AFs sets 
the lower limit on the size of the stable nucleus. If AFs is too large 
(molecular agglomeration too small), the nucleus will redissolve. If 
Equation (1) may be rewritten as:  
AFc and AFe will be negligible. 
AF, is small (molecular agglomeration large), the nucleus will grow. 
Equation (2) 
AF =-kl a3 + k2 a2 I 
where kl is the chemical energy per unit volume and kp is the surface 
energy per unit area and a is the radius of the nucleating praticle. 
The equilibrium nucleus size derived from equation (2) is found to be 
and the change in free energy thus becomes 
10 1 
3 
A F - 4  k;! 
27 
The smallest  s t a b l e  nucleus t h a t  w i l l  form an observable void i s  t h a t  
which forms j u s t  above the e u t e c t i c  or so l idus  temperature and has s u f f i c i e n t  
t i m e  t o  grow. 
equation (3),  w i l l  be a constant ,  and equation (3) may be employed t o  r e -  
express  equation (4) a s  
Under these condi t ions,  t he  e q u i l i b r i m  nucleus size, a@ of 
A F  = Const. 9 
Thus, the  change i n  f r e e  energy w i l l  be an inverse funct ion of the rad ius  (r) 
of t h e  p a r t i c l e  a s  given by 
Equation (6) 
A F  = Const. 
r2 
s ince the  surface energy v a r i e s  inverse ly  a s  t he  area of the gas nucleus. 
the l i q u i d  t o  the growing nuc le i  w i l l  he r e l a t i v e l y  unimpeded (Reference 13). 
nucleat ion r a t e ,  N ,  may be approximated by 
I n  the  l i q u i d  s t a t e  considered here ,  t he  d i f fus ion  of t he  gas atoms through 
The 
Equation (7) 
N = Const. exp - AF/RT 
However, the  s o l i d i f i c a t i o n  temperature of a given a l loy  i s  constant  u n t i l  s o l i d i -  
f i c a t i o n  i s  completed, so t h a t  equation (7) may be rewr i t ten  using equation (6) 
and a series approximation f o r  ex a s  
N = Const. 
r 2 
Pore Growth 
Equation (8 )  provides an approximation of the r a t e  of nuc lea t ion  of the  
smallest observable gas bubbles which grow j u s t  above the  l iqu idus  temperature. 
The r a t e  of growth, G,  of these  bubbles must now be described. The growth rate 
of a sphere i s  given by 
G = S = 4  T r 2 &  
d t  d t  
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where V is the volume of the growing bubble and t is the time. 
temperature, such as the eutectic temperature, the bubbles may be assured to 
grow at an essentially constant rate. 
At a given 
Expressed mathematically, 
dr = Const. dt 
Xntegrationof this equation gives 
r = Const. (t - tE)# 
where tE 9 the time of growth at the eutectic.temperature. 
which does not possess a thermal arrest of a eutectic nature, tE = 0 and t is 
taken as the total time for solidification (i.e., ripple-zone solidification 
time). For a given aluminum alloy composition subjected to a given amount of 
superheating, the solidus will be very nearly a constant value. Thus, all 
bubbles which grow larger than what was previously defined as the smallest ob- 
servable bubble will have radii that are a direct function of the time that the 
molten material was allowed to grow at temperatures above the solidus. 
Fdr a given alloy 
Equation (11) may also be employed to provide further insight into the 
nucleation rate as given by equation ( 8 ) ;  this becomes 
Equation (12) 
Thus, the nucleation rate is shown to be inversely proportional to the time that 
the melt is kept above the eutectic or solidus temperatures - in agreement with 
observed behavior. 
In applying equation (11) to equation (9), the growth rate may be 
rewritten as 
G = Const. (t - tE)2 
Integration of both sides of this equation with respect to time, between the 
limits of tE and tl gives 
This is an expression for the total volume of all bubbles at an initial time, 
tle The total volume of voids grown after that is 
10 3 
where f is the fraction of the gas that,is contained in the bubbles. 
equation (15) is integrated and equation (12) is substituted for N 
When 
f =  
Thus, the fraction of the gas that has precipitated from the melt and 
coalesced to form bubbles is primarily a function of the time that the melt 
spent above the eutectic or solidus temperatures. 
equation (16) may be shown schematically as in Figure 4 (for the case of static 
solidification) where most of the bubble formation occurs before tg. 
volumetric fraction of porosity is also expressed by equation (16), except that 
the proportionality constant is different. 
To a first approximation, , 
The 
Pore Size 
The expressions for N and G, equations (12) and (13), permit the 
calculation of the average void size, s,  since 
Equation (17)- 
Upon substitution, equation (17) becomes 
Equation (18) 
s = Const. (t - tE)4, 
or the,average bubble size is directly proportional to the fourth power of the 
time that the melt is above the eutectic or solidus temperatures. 
In this analysis of the formation and growth of pores in molten alloys, 
it will be noted that all of the significant parameters necessary for the 
understanding of this reaction have been reduced in terms of time spent at or 
above the .eutectic or solidus temperatures. 
factors may be measured with a high degree of accuracy, and the equations are 
thus more valid than those with some less accurately determinable parameters. 
Another important point is that the use of such time factors automatically 
provides that the parameters affecting bubble formation will be senstive to the 
rate of heat transfer from the molten alloy. 
solidification is a function of the temperature difference between the molten 
metal and the surrounding solid material, the mechanism of porosity formation 
may be a function of the time-temperature cycles. 
This is important because these 
In other words, since the time for 
10 4 
A similar set of equations may be derived in terms of the initial temp- 
erature of the melt and the eutectic or solidus temperature of the alloy. 
an analysis would not be as helpful in understanding these phenomena as that 
.just given, because it does not account for the rate of heat removal. 
Such 
The analysis presented here implicitly assumes that all of the gas 
ejected from the.melt will be retained as pores in the solidified weld and that 
none of it would escape by outgassing (as depicted by the dynamic solidification 
curve in Figure 4): When this factor is taken into consideration with the sim- 
plifications made in the mathematical analysis, it is apparent that the experi- 
mental data will deviate somewhat from the theoretically predicted behavior, 
Where significant deviations do occur, these can be explained in terns of the 
parameters affecting the phenomenon in question. The thermodynamic analysis 
provides an insight into the mechanism of porosity formation, and furnishes'a 
guide to the experimental verification of this. phenomenon. 
Solubility of Gases 
The solubility of gases in liquid metals and alloys obeys Sievert"~ 
Law, which states that the quantity of gas in solution in the .liquid is directly 
proportional to the square root of the partial pressure of that gas. 
be expressed as 
This may 
Equation (19) 
c = Const. (p) 1/2, 
where C is the concentration of gas dissolved in the molten metal and p is the 
partial pressure of that gas in the atmosphere above the melt (Reference 14). 
The concentration of dissolved gas, thus, may be accurately maintained if the 
partial pressure of the gas of interest in an otherwise inert atmosphere (such 
S TATIC SOLID IF ICATION 
DIFFERENCE IN BEHAVIOR 
OF POROSITY CAUSED BY 
DYNAMIC SOLIDIFICATION 
DYNAMIC SOLIDIFICATION 
0 
SOLIDIFICATION TIME 
Figure 4, Fraction Volume of Available Gas as a Function of 
Solidification Time 
1 e o  
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as argonor helium) is controlled. 
extremely low (References 14, 15, and 16). 
The solubility of these inert gases is 
The effect of variations in the amount of the dissolved gas will not 
change the fundamemtal relationships just given; it will only change the 
constants of proportionality. 
The work of Johnson and Mehl (17) on the reaction kinetics of nucleation 
and growth processes within the solid state may be used as an analogy to 
approximate comparable reactions in the liquid state. This work showed that 
the volume fraction, f, of completion, that a given reaction attains, may be 
expressed as 
l - r - 3  4 f = 1 - exp ( - 3 - 6  Nto ), 
mere G is the growth rate of the transforming material, N is the nucleation 
rate and to is the time of the reaction. 
An important factor implicit in the above analysis is that the composition 
of the transforming system is invariant. This is not usually the case in the 
liquid-gas reactions under consideration here. The variation of composition 
in weldmetal-gas reactions is apparent because some of the gas bubbles have 
suitable opportunities to leave the melt under many conditions of welding. 
has the effect of shifting the curve to lower apparent values of f. 
of this shift may be determiied by calculating the difference between the ob- 
served porosity and that predicted by Sievert's Law. 
This 
The amount 
The non-constancy of composition of the system will also affect the 
These will shift in the same observed values of 6 and N in equation ( 2 0 ) .  
direction as f. 
will be less interdependent than they are in the solid state. 
greater probability that nucleation will be more random and not require preferred 
sites as is often the case in the solid state. 
However, in the case of gases in liquid weldmetal, G and N 
There is a much 
The growth rate of the gas pores in the liquid metal will also be much 
more rapid thah a similar transformation in the solid state. This results from 
the very high diffusion rates of hydrogen in the molten metal and the rapid 
decrease of gas solubility in the liquid as the temperature decreases. 
addition, the effects of impingement upon a phase growing in the solid state 
need not be considered as a limiting factor in the liquid-gas reactions in welds. 
When impingement occurs, the larger bubble will quickly absorb the smaller one to. 
minimize energy. However, this factor can affect the observed values for N and 
6 since this behavior will result in a smaller total nwmber of pores whose size 
distribution is skewed toward the large diameter side. 
In 
A simplifying assumption frequently made in solid-state reactions is that 
the growing nucleus is spherical in shape. 
the actual case often accounts for discrepancies between the observed and 
theoretical behavior. 
The fact that this Is normally not 
In the case of gas bubbles growing in a weld puddle, the 
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pores have a very high probabi l i ty  of possessing spher ica l  shapes because they 
a r e  evolving i n  a l i q u i d .  Those bubbles which form j u s t  above t h e  s o l i d u s - o r  
eutectic temperatures have a somewhat lower probabi l i ty  of s p h e r i c i t y  because 
of t h e  increased r e s t r a i n t  imposed by the near ly-so l id i f ied  m e l t .  
Because the  thes  involved i n  the  s o l i d i f i c a t i o n  o f  welds a r e  several  
orders  of magnitude s h o r t e r  than those involved i n  most s o l i d - s t a t e  r eac t ions ,  
i t  i s  expected t h a t  t h e  t i m e s  a v a i l a b l e  f o r  t h e  nucleat ion and growth of gas 
pores w i l l  be very sho r t .  This can have t h e  e f f e c t  of obscuring t h e  inf luence 
of t h e  l a r g e  number of pore nuc le i  which form immediately p r i o r  t o  complete 
s o l i d i f i c a t i o n  and which do not  have s u f f i c i e n t  t i m e  t o  grow t o  observable s i z e s .  
As t h e  value of f i n  equat ion (20) approaches un i ty ,  t h e  transformation 
of _all of t h e  matter  i n  t h e  system approaches completion. In  t h e  case  of pore 
formation from t h e  l i q u i d  phase, t h e  value of f denotes t h e  volume f r a c t i o n  of 
ava i lab le  gas (formerly i n  so lu t ion )  which has p r e c i p i t a t e d  t o  form pores. 
Under normal welding ccndi t ions  f w i l l  always be less than t h e  t h e o r e t i c a l  
predict ion because of t h e  evolut ion of gas from t h e  molten weld puddle. 
devkation w i l l  increase a s  condi t ions,  such a s  long s o l i d i f i c a t i o n  t i m e s ,  p e r m i t  
more gas t o  leave the  m e l t .  (See f i g u r e  4.) 
This 
In  general ,  t he  foregoing f a c t o r s  have the  e f f e c t  of d i sp lac ing  t h e  
experimentally-determined curve t o  values lower than those which would have 
been predicted from equation (20). 
e f f e c t s  of such va r i ab le s ,  i t  i s  possible  t o  explain t h e  observed data  by means 
of an expression s i m i l a r  t o  equation (20). Experimental data  obeying such a 
r e l a t i o n s h i p  w i l l  be evidence of  a reac t ion  which i s  cont ro l led  by nucl-eation 
and growth k i n e t i c s ;  i t  i s  va l id  even though the  mechanisms of N and G cannot 
be described i n  d e t a i l .  
However, when allowances a r e  made f o r  t h e  
The ex ten t  of porosi ty  formation i s  usua l ly  determined by a s u i t a b l e  
counting technique (based upon t h e  observation of cross-sect ions of t h e  s o l i d  
weld). Such methods make it more convenient t o  r e f e r  t h e  data  t o  an area 
f r a c t i o n ,  €*. The c a l c u l a t i o n  of  t h i s  quant i ty  i s  described- i n  the  following 
sec t ions .  Since t h e  pores a r e  sphe r i ca l ,  t h i s  quant i ty  w i l l  be d i r e c t l y  proport ional  
t o  t h e  volume f r a c t i o n  when s u i t a b l e  s t a t i s t i c a l  cor rec t ions  a r e  made. 
The Inf luence of R i p p l e s  
The foregoing ana lys i s  has assumed t h a t  t h e  s o l i d i f i c a t i o n  of welds 
proceeds i n  a continuous fashion. It has  been shown previously t h a t  t h i s  i s  not 
t h e  case  and t h a t  weld s o l i d i f i c a t i o n  proceeds i n  a d i scre temanner .  As t h e  
successive s o l i d i f i c a t i o n s  proceed, they impose addi t iona l  r e s t r i c t i o n s  upon 
Pore nucleat ion and growth. Both the  nucleat ion and growth of t he  pores a r e  
cont ro l led  by t h e  way i n  which each ripple-zone s o l i d i f i e s .  
Thus, computations concerning porosi ty  formation i n  welds must constder 
t h i s  behavior. 
The area f r a c t i o n ,  f*, i s  approximated by 
A 
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where n is the experimentally determined number of pores, ra is their average 
radius and A is the cross-sectional area of the weld. 
the Johnson-Mehl equation up to its inflection point (assuming ra is directly 
proportional to time.) 
the 
permit the excessive loss of gas from the melt. 
This equation approximates 
This range of agreement is more than sufficient because 
times required for greater completion of the reaction are those which would 
The nucleation rate, NR, of the gas pores under these conditions is 
where VR is the approximate volume of the ripple zone, V 
volume, and t* is the average time required for the solidification of the ripple 
zone. The factor t* is calculated from 
is the average pore P 
t* =A, 
S 
where R is the average ripple spacing and S is the length of weld made per unit 
time (i*e., the welding travel speed). The growth rate, % is given by 
The 4/91Tra3 term is equivalent to the average pore volume. Multiplication 
of this term by f* results in a GR expression based upon ripple-zone volume, 
since f* approximates the ratio of total pore-volume (per ripple-zone volume) 
to ripple-zone volume. 
in the melt were negligibly small at the instant that the ripple volume began 
to cool. 
Equation (24) assumes that the radii of any pores present 
When the factors given by equations (21) through (24) are considered 
in terms of the Johnson-Mehl equation, the following relationship is obtained: 
As previously noted €or the more general case, the processes occurring 
within the ripples which conform to equation (25) are controlled by nucleation 
and growth kinetics. Equation (25) thus provides a means for more detailed 
examination of the mechanisms of porosity formation in welds. 
10 8 
A small sample of eight specimens which were available from the previous 
study (Reference 9) were used to test the validity of the nucleation and growth 
concepts. The welding conditions that were employed to prepare the samples are 
summarized in Table I. 
moisture-contaminated shielding gas (dewpoint = -25 + 5OF) so as to produce 
porous welds. 
lete details of the welding procedures are described in Refer'ence 9 .  
The bead-on-plate MIG-deposited welds were made using 
Type-1100 filler was deposited in Type-3003 aluminum plate. Comp- 
Each weld listed in Table I was used to calculate individual NR and % 
(see equations (22) and (24)) values. This was accomplished in the following wayf 
1. Ripple spacings, R, were determined by macrographically viewing the weld 
surface at 1OX magnification.using a calibrated scale. Ripple-zone 
solidification times, t*, were then calculated using Equation (23). 
Rippie-zone vol,ume, VR, was calculated by first measuring the fusion-zone 
cross-sectional area, A ,  using a grid counting technique at 1OX 
magnification (the section being transverse to the welding direction). 
Ripple-zone volumes were then determined from the following expressions: 
2. 
(A) (L) = VT = total fusion zone volume per weld length, L 
But VT also may be expressed as follows: 
Equation (26) 
Therefore, equating the two expressions for VT, 
VR (R) (A) 
3. The porosity volume fraction, f v01, was obtained by averaging the X-ray 
fraction (previously determined in Reference 9 work) with the microscopic 
area-fraction, f*, obtained using lineal analysis of metallographic cross- 
sections (At 10X magnification). Figure 5 il1ustrates.a typical cross- 
section. No statistical corrections were made to account for the seleative 
sampling of single cross-sections or the bias produced by predominately 
minor diameter pore intersections. 
4 .  The total number, n, or pores apparent on the cross-section were 
tabulated. 
weld-deposit cross-sections. 
The counts were made on the 1OX photomacrographs of each 
5. The pore nucleation and growth rates (NR and %, respectively) were then 
calculated using equations (22) and (24) described previously. 
m e  pertinent experimental and caluclated values are summarized in Table 11. 
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Figure 5. Electropolished Cross-Section of a Bead-On-Plate 
MIG-Deposited Weld in Type-3003 Aluminum Plate, 1 o X  
Re suits 
establish any definitive functional relationships between the welding variabies 
and solidification or porosity nucleation and growth rate parameters. Further- 
more, the single cross-section measurements do not provide an adequate statistical 
sample. 
observations will be discussed in the following paragraphs. 
_I;1L. 
The data obtained on the small number of samples is insufficient to 
.Nonetheless, interesting trends are evident and some of the tentative 
Figure 6 illustrates the dependence of ripple-zone solidification time 
on specific arc energy. The data points for the argon and helidargon appear 
to exhibit an identical fuhctional dependence, while the helium shielded welds 
arc energy (the helium shielded welds do not exhibit a definitive trend). 
are dif.ferent. Solidification time appears to be directly proportional to specific 
Figures 7 and 8 portray the dependencies of NR and % as functions of 
the square of the ripple-zone solidification time. According to the thermodynamic 
analysis (for a constant mass system) NR and GR should be directly proportional 
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Figure 6 .  Dependence of Ripple-Zone Solidification Time on Specific Arc Energy 
to t.km2 and t*2, respectively. However, as explained earlier, hydrogen out- 
gassing from the weld puddle would tend to alter the constant mass functions 
and displace the NR and GR values downward (i.e., toward lower values) for any 
given solidification time. The results shown in Figures 7 and 8 exhibit the 
expected direction of displacement. The results indicate a rather substantial 
outgassing effect which must be taken into accomt before precise functional 
relationships can be developed. 
provide for an outgassing function. 
No attempt will be made, at this time, to 
Interestingly, the data in Figures 7 and 8 show that the functional 
dependencies may differ significantly for rhe different shielding gases. No 
attempt will be made at this time to explain the apparent differences. 
The last and, perhaps, the most significant result to be discussed is 
shown in Figure 9. This figure depicts, on logarithmic co-ordinates, the 
dependence of the pore-volume fraction on the Johnson-Mehl nucleation and 
growth parameter, N&$t4. As previously described, equation (25), such a 
, logarithmic plot would be expected to portray f* (or f vol.) as a directly 
psrportional linear function of the Johnson-Mehl parameter (if nucleation and 
growth phenomenon are indeed the porosity rate-controlling factors). The results 
shown in Figure 9 indicate that such linear relationships do in fact exist. 
argon and helium/argon shielded welds seem to fall along the same line, while 
the helium-shielded welds are apparently represented by an approximately parallel 
The 
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line displaced downward. 
generally observed lower incidence of porosity in helium-shielded welds, Reference 
9). A tentative explanation for the apparently beneficial effect of helium is 
presented in Reference 9 ,  Clearly, these results substantiate the contention 
that pore nucleation and growth phenomenon represent the fundamental factors 
which govern the formation of porosity in aluminum welds; 
required to substantiate these findings and to fully establish various 
functional dependencies. 
(This downward displacement is consistent with the 
Additional data are 
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Figure 7. Dependence of Nucleation Rate on Ripple-Zone Solidification Time 
SUMMARY 
The preliminary results of this fnvestigation have demonstrated that 
porosity formation in aluminum welds may be quantitatively described in terns 
of nucleation and growth rate theory. 
phenomena seem to play a crucial role in the kinetic's of porosity formation. 
appears that nucleation and growth rates must be related to the incremental 
ripple-zone volume. 
for the eventual determination of the effects of the thermal welding variables 
on por'e nucleation and growth rates. 
Unique weldmetal solidification 
It 
The use of such relationships appears to provide a basis 
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DISCUSSION 
Chyle: This is a highbrow attack on this problem of porosity, and 
I think it's very interstjng to lookaat it from the different standpoints, 
in addition to the many empirical ways we have df evaluating porosity. 
I ' m  ready for questions. 
Now, 
Who has the first question? 
Mr. Saperstein: Well I object. I don't think this'is highbrow at all. 
and I think that such a method of approach will enable us---this is my first 
answer to the question---will enable us to get a better understanding of what 
we have to-control in the welding process. 
little different, but th&e's nothing highbrow about it. 
Now, the methods of analysis are a 
Mr. Chyle: I think you misinterpreted my remarks. 
another mode of attack at a different train level, or so. 
introduced mathematics into this thing, 
I think it's a novel way and possibly may show us the way to find the true 
cause of this porosity that we find so perplexing. 
Let's say this is 
Anyhow, you 
and I think it's very interesting. 
Who has the first question? 
Mr. Peterson: In the discussion this morning about porosity, there has 
been the word 'gas' and I think the words 'gas' and 'porosity' have been used 
together. 
that you've had in your solidification mechanisms? 
What portion of shrinkage porosity can exist in the consideration 
Mr. Saperstein: Mr. Peterson, in our case since we use a solid solution 
alloy system, the shrinkage was not very substantial. 
dendritic patterns that are often encountered. 
any,w&s encountered or found. 
other cases, I think this may account for*a greater percentage. 
that I just recalled in showing you that micrograph of porosity cross section 
We didn't have the 
I think that very little, if 
In fact, I'm sure very little yas found. In 
, 
One thing 
ere we calculated nucleation growth rate---I didn't point it out at that time 
but X meant to and it bears supplement to what you saidJ the pores were 
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frequently distributed in little circles. 
hundred times in welds where these circular patterns appear. This is the 
You've seen this, Ilm sure, a 
intersection of the wave front with that plane, and it has to give a sort of 
circular pattern. 
Mr. Chyle: 
Mr. Martin: 
TEere's a question in the back of the roomayes? 
In your york, did you make any studies of the mechanical 
strengths in welded and wnwelded ratio of the specimens with various degrees 
of porosiTy? 
Mr. Saperstein: Mr. Martin, in this particular program, we did not. How- 
ever, in subsequent programs, we have looked at this and will be coming up 
with some observations at a later date. 
think one of the contracts that NASA is awarding wiil deal with this in great 
detail. 
We're just in the early stages. I 
Mr. Brown: If I understood you correctly, I don't agree with you. 
Is that 
I 
think you said that you;were using a Bolid-solution type alloy. 
correct ? 
Mr. Saperstein: Approximately; this is not exactly correct. 
Mr. Brown: Well, in solid-solution type alloy, shrinkage is very 
prevalent, probably more prevalent than in any other type of alloys. 
tends to be confused quite often with micro porosity, since micro porosity not 
only promotes but grades into micr'o shrinkage. 
about shrinkage, I think, was well taken. 
This 
So, the gentleman's question 
Mr. Saperstein: Well, I'm not sure this is so; it may or may not be. 
Mr. Brown: You may check the Literature and find out. 
Mr. Saperstein: In the case of the solidification of the weld deposit, we 
do have--- I think we have to all recognize this---a heavy concentration of 
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solidus elements in certain regions. 
first place, the -ripple zone volume means 
formation of dendrites means that we're having solidus segregation. 
regions around the solidus segregates and the more pure material ill have differ- 
ent shrinkage characteristics. Frbquently, we will see at these interfaces, small 
shrinkage cavities, and I'm not sure whether we see more of them in this case as 
opposed to the case where we have a single phase or approxinnateJy a single-phase 
alloy. 
moment. In this case, of course, they were all spherical, virtually one 
hundred percent. 
It's not a uniform distribution. In the 
'xe having solidus Segregation. The 
The 
I won't quarrel with the statement. I have no quantitative data at the 
Mr. Chyle: Another question on the third row? 
Comment: I think Phil is to br congratulated, here, for taking a nucleation 
and growth approach. There are a couple of remarks I'dlike to make, tieing in 
the things he's presented, plus some thinge that Perry Rieppel said, 
this year at the AIME meeting in February, Rondike and Hess presented two papers 
that related to nucleation of gas. 
in our own facility. And quite briefly, these indicate the following: if under 
vacuum you solidify molten aluminum which is essentially clean and free from 
non-metallics, such as hydrocarbon oxides and the like, and a m l t  which is not free 
from these materials, there will be an indication of hydrogen in the aluminum 
containing the non-metallics but not in the material free of non-metallics, 
suggesting that there can be heterogeneous nucleation here, 
of non-metallics. I think this can also be a consideration since we're 
talking about a rate phenomena in the welding process. 
Earliar 
We have essentially confirmed these results 
too, due to irritance 
r. Saperstein: 1 think that's right, George. Of course, recrystallization 
phenomena is in a sense heterogenous nucleation. 
Mr. Chyle: We're running just a little behind schedule so we'll turn off 
the discussion at this stage, and we want to thank Mr. Saperstein for a most 
intersting paper. 120 
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INTRODUCTION 
I n  a recent  suwey  of welding d i f f i c u l t i e s  i n  the aerospace indus t ry ,  
welding poros i ty  of aluminum weldments was  one problem common t o  a l l  f a b r i -  
c a t o r s .  
Aluminum has bee6 studying weldment porosi ty  f o r  some t i m e ,  we bel ieved t h a t  
some of our observat ions might be he lp fu l  t o  those ‘persons i n  the aerospace 
industry who must produce high qua1iX.y weldments. ’Accordingly, w e  have 
reviewed previous research  work conducted by our labora tory ,  and i n  the  
l i t e r a t u r e  r e l a t i n g  t o  the  improvement of aluminum weldment q u a l i t y ,  and 
have assembled the  following notes  and observations r e l a t e d  t o  the  subjec t .  
A l l  DMR data  were previously developed by Kaiser Aluminum a t  p r iva t e  ex- 
pense and not  a s  a p a r t  of t h i s  con t r ac t .  
Inasmuch a s  t h e  Department of Meta l lurg ica l  Research of Kaiser 
The bas i c  cause of poros i ty  i n  aluminum welds i s  gas entrapped by 
the  f reez ing  weld metal  before  it has a chance t o  rise out .  The source of 
t h i s  gas may be entrapped sh ie ld ing  gas ,  a i r ,  o ther  gaseous contaminants 
i n  the  puddle a s  a r e s u l t  of v i o l e n t  a r c  ac t ion ,  o r  i t  may be dissolved 
hydrogen. The amount of gas remaining i n  the weld pool i s  a func t ion  of 
t he  cool ing  r a t e  o f - t h e  weld puddle. 
r o s i t y  and some co r rec t ive  measures. The mechanism of porosi ty  is d i s -  
cussed i n  d e t a i l  i n  the  following sec t ions .  
Table 1 shows var ious  causes of po- 
Shielding gas ,  a i r ,  qr o the r  gaseous contaminants can-be  entrapped 
i n  the weld puddle a s  a r e s u l t  of v i o l e n t  a r c  ac t ion .  This i s  s i m i l a r  t o  
the  entrapment of a i r  bubbles i n  a g l a s s  of water being f i l l e d  from a fau- 
c e t .  
i n  the  ice a considerable  amount of gas which would appear as poros i ty .  
Porosi ty  i n  a weld i s  formed i n  a s i m i l a r  manner. 
pool i s  a f f e c t e d  by the  c h a r a c t e r i s t i c  of the  d rop le t  t r a n s f e r .  
a welding cu r ren t  i s  used, so t h a t  l a r g e  globules of metal t r a n s  
the  a r c ,  more turbulen t  puddle r eac t ion  w i l l  occur than i f  f i n e ,  
formed d rop le t s  t r a n s f e r .  Magnesium a 1  oys inherent ly  have a metal drople t  
which i s  i r r e g u l a r  i n  shape and v i o l e n t  i n  i t s  motion i n  t r ave l ing  across  
the  arc. A pool r e s u l t i n g  from such a drople t  w i l l  be subject  t o  more ag i -  
tat’sion and, hence, more entrapment of gas. 
e n t r a i n  gas by merely depos i t ing  metal over a gas bubble which f r eezes  
before  the  e n t i r e  bubble escapes.  
very i r r e g u l a r  i n  shape. 
I f  t he  g l a s s  of water could i n s t a n t l y  f r eeze ,  t he re  would remain with- 
The turbulence of a weld 
Excessive welding cu r ren t s  can 
This  l a t t e r  type of porosi ty  i s  genera 
I n  add i t ion  t o  entrapment, another  major cause of gas porosi ty  i n  
aluminum welds i s  hydrogen. 
atolgic hydrogen and r e a d i l y  d isso lves  Ct9as is shown i n  Figure 1. 
oghes hand, solstid alutninum can conta in  very l i t t l e  hydrogen. 
hydrogen gas i s  r e j ec t ed  a s  the  weld puddle f r eezes .  
Molten aluminum has a f a i r l y  high a f f i n i t y  f o r  
On the  
I f  t he  cool ing rate 
I n  a weld, 
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Table I. Some PossiEle Causes And SuggestedCorrective Measures 
For Poros i ty  i n  M I G  Metal 
Basic 
Cause 
Entrapment 
Hydrogen 
Cooling r a t e  
of weld pool 
E r r a t i c  w i r e  
feeding 
Q u a l i t y  of 
base mater ia l  
Other 
Contr ibut ing 
Fac tors  
Turbulence of weld 
pool. Excessive . 
cur ren t  e n t r a i n s  gas.  
O i l  o r  o the r  contami- 
nants  on f i l l e r  w i r e .  
Hydrated oxide f i lm  
on f i l l e r  w i r e .  Oi ly  
dr ive  r o l l s  o r  l i n e r  
i n  M I G  gun. Wet 
sh ie ld ing  gas.  Water 
leaks  i n  MIG gun. 
Oily p l a t e .  Spa t t e r  
p a r t i c l e s  ahead of 
puddle. 
Rate of heat  input 
i n t o  the  weld. Too 
rap id  a r a t e  of hea t  
ex t r ac t ion  from the  
weld. F l u i d i t y  o r  
v i s c o s i t y  of the  
welding pool. Fas t  
f reez ing  r a t e  of 
weld pool. Tempera- 
t u r e  of back-up ba r ,  
i f  used. Groove con- 
f igu ra t ion  of back-up 
ba r ,  i f  used. Exces- 
s ive  cu r ren t .  
Drive r o l l  s l i p .  
Excessive bending of 
guide l i n e r .  Bent 
contac t  tube. Kinks 
i n  w i r e .  Gal l ing  i n  
contac t  tube. Elec- 
t r o n i c  "hunting". 
Wrong s i z e  l i n e r .  
. -  Dross 
Porosi ty  - Lamination 
P a r t i a l  penetrat ion 
j o i n t  . 
Multipass welds. 
Suggested Correct ive 
Measures 
Use higher  welding cu r ren t  t o  s t a b i l i z e  
d rop le t  t r a n s f e r .  Reduce from excessive 
cu r ren t ,  slower t r ave  
P ro tec t  w i r e  i n  shop wi th  covers.  Do 
not  open dess ica ted  p l a s t i c  packaging 
u n t i l  ready f o r  use. Do not use w i r e  
which has been kept f o r  any length of 
t i m e  ou ts ide  of dess ica ted  s torage.  
Clean r o l l s  with so lvent ,  change l i n e r .  
Check dew-point of gas.  Reject b o t t l e s  
above -40F dew-point. Repair guns 
which have been overheated due t o  water 
f a i l u r e  Clean p l a t e .  Adjust welding 
condi t ions  so s p a t t e r  i s  minimized. 
Use higher  welding cu r ren t  and/or a 
slower speed. Preheat sometimes he lps .  
With Mg-containing f i l l e r s ,  which a r e  
less f l u i d  than 4043, t r a c e  amounts of 
ch lo r ine  i n  a r c  w i l l  increase f l u i d i t y .  
Higher cu r ren t ,  slower t r a v e l  and pre-  
hea t  a l l  decrease f reez ing  rate. Hot 
back-up bars  reduce roo t  porosi ty .  
Shallow wide grooves,preferable  t o  deep 
narrow grooves i n  the  back-up bar .  
Increase  pressure on r o l l s ,  change t o  
knurled r o l l ;  change t o  V-groove r o l l  
r a t h e r  than U-groove; r i g h t  diameter 
U-groove r o l l .  
un i t  t o  reduce necess i ty  of bending 
cable  t o  gun. 
o r  b i a s  ba t t e ry .  
Change pos i t i on  of M I G  
Replace thyra t ron  tube 
Change foundry technique t o  obta in  sound 
cas t ings .  
Very rare occurrence. Reject p l a t e  o r  
sheet  mater ia l .  
Use f u l l  penetrat ion j o i n t .  Increase  
f i l l e t  s i z e  t o  compensate f o r  l ine of 
root  porosi ty  i f  c r i t i c a l  app l i ca t ion .  
Go t o  high cur ren t  dens i ty  s ing le  pass 
p e r  s i d e  technique. 
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of the  weld puddle i s  f a s t ,  the  hydrogen cannot bubble out t o  the  surface.  
Ins tead ,  i t  i s  he ld  wi th in  the metal a s  i t  f r eezes ,  forming gas porosi ty .  
i t y ,  a number of tests were conducted by DMR severa l  years  ago i n  which 
hydrogen and hydrogen-containing contaminants were added t o  the MIG a rc  in 
varying amounts. The contaminants included hydrogen, propane, and water 
addi t ions  t o  the sh ie ld ing  gas. Hydrated oxide coat ings on the weld wire 
were a l s o  used a s  a source of contaminant. I n  every case,  with an increas-  
ing amount of contaminant, t he re  was an increase i n  the  l e v e l  of weld po- 
r o s i t y .  Figure 2 shows how hydrogen addi t ions  t o  the  sh ie ld ing  gas a f f e c t -  
ed poros i ty .  Typical weld po ros i t i e s  obtained by water vapor and propane 
addi t ions  t o  argon sh ie ld ing  i n  a MIG a r c  a r e  shown i n  Figure 3 ,  a s  well a s  
dross  caused by oxygen addi t ions .  
To demonstrate how the  presence of hydrogen i n  the a r c  causes poros- 
Hydrogen i n  any chemical compound on the  f i l l e r  w i r e  appears t o  be 
the main source of hydrogen i n  M I G  welding. For example, i f  the f i l l e r  
wire i s  processed o r  s tored  i n  such a manner t h a t  hydrated aluminum oxide 
f i lm  remains on the wire, porosi ty  w i l l  occur i n  the  welds made with t h a t  
wire .  Poor welds r e s u l t  from using wire which has been s tored  f o r  a long 
period of time under humid condi t ions where atmospheric moisture can com- 
bine chemically or  be absorbed by the  aluminum oxide f i lm.  
the  d e t e r i o r a t i o n  i n  radiographic qua l i t y  of welds made with f i l l e r  w i r e  
exposed f o r  e igh t  months t o  ambient Spokane atmosphere. The radiographic 
standard f o r  comparison of A t o  D weld radiographic qua l i t y  i s  given i n  
Figure 5. Hydrogen-containing compounds on the  wires, such as  o i l ,  draw- 
ing compound, shop grease,  e t c ,  w i l l  cause porosi ty .  The weld w i r e  surface 
i s  the major source of weld contamination. 
a rea  t o  the  volume of deposited weld metal introduces a la rge  concentrat ion 
of contamination i n t o  the  weld. 
Figure 4 shows 
The high r a t i o  of w i r e  surface 
Other pDssible sources of hydrogen contaminants include the  base 
mater ia l  and the sh ie ld ing  gas.  Hydrated oxides,  o i l  and c e r t a i n  other  
contaminants can be a cause of weld porosi ty  i n  t h i n  mater ia l s .  
ahead of the  weld puddle can a l s o  cause porosi ty .  
Spa t t e r  
Contamination can occur i n  an occasional b o t t l e  of sh ie ld ing  gas 
which i s  wet from moisture leaks i n  the  welding torch ,  o r  from gas l i n e  
systems which have’ absorbed moisture.  Metal l i n e s  are recommended. 
It i s  des i r ab le  t h a t  t he  f i l l e r  a l loy  welding w i r e  be produced by a 
method which insures  a low l e v e l  of hydrogen i n  the  w i r e .  The f i l l e r  
should be f r e e  of heavy hydrated oxide f i lms ,  o i l s ,  o r  other  surface con- 
taminants,  and the  sur face  should be smooth. Wire should be packaged i n  
a vapor ‘ b a r r i e r  conta iner  with dess icant  o r  dry gas t o  prevent de t e r io ra -  
t i o n  during s torage i n  moist atmospheres. 
assures  r e l a t i v e  freedom from shelf  l i f e  de t e r io ra t ion  and i f  used wi th in  
a reasonably shor t  t i m e  a f t e r  removal from the  package, the  wire w i l l  not 
d e t e r i o r a t e  fu r the r .  
Such packaging of weld wire 
The f ab r i ca to r  cannot a t  the  present  t i m e  be sure  of the qua l i t y  of 
aluminum welding wire ,  even when it i s  packaged adequately.  The wire can, 
however, be q u a l i t a t i v e l y  inspected p r io r  t o  use. The following paragraphs 
descr ibe some of the  checks used by the  Department of Meta l lurg ica l  Research 
of Kaiser Aluminum Q Chemical Corporation t o . e v a l u a t e  welding w i r e  qua l i t y .  
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Figure 1. S o l u b i l i t y  of  Hydrogen i n  Aluminum 
No hydrogen 
4.8 cu cm/min Ha 
8.7 cu cm/min H2 
Figure 2, Effec t  of Hydrogen on Weld Porosi ty  
Radiographs showing increase in porosity in a MIG weldment with in- 
creasing amounts of hydrogen added to argon shielding gas. 
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1.4 g/min water vapor 
Radiographs 
2.0 cu cm/min oxygen 
Fracture 
Figure 3e Effect  o f  Contaminantsin Shielding Gas 
MIG welds made with contaminants added to argon shielding gas. 
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I 
z 
H 
A Rating 
Figure 5. DplR Radiographic Porosity Standards for Aluminum Welds 
Developed and used in the welding laboratories of Kaiser Aluminum 8 
Chemical Coi-pration. 
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1. The wire  surface should be f r e e  of ch ips ,  n icks ,  gobges, and 
co ld  l aps .  Figure 6 shows a typ ica l  cold l a p  i n  a welding wire .  Such a 
condi t ion can en t rap  drawing compound, which i n  tu rn  r e s u l t s  i n  excessive 
weld porosi ty .  Die-shaving should be concentr ic  so t h a t  the  oxides a r e  
removed from the  e n t i r e  circumference. 
an eccen t r i ca l ly  shaved wire ,  wi th  a heavy oxide s t r i p e  remaining. 
made with t h i s  w i r e  were drossy and porous. 
Figure 7 shows the appearance of 
Welds 
2 .  Surface contact  r e s i s t ance  i s  a q u a l i t a t i v e  ind ica t ion  of w i r e  
oxide f i lm  thickness .  We use a Smith VT-I1 Analyzer modified with a one- 
inch area cy l inde r ,  and a standard clamping force  of 10 p s i  on crossed 
wires, obtaining three  t o  ten  readings a r e  obtained pe r  sample. Relat ive 
oxide f i lm  thicknesses  a r e  empir ical ly  defined as follows: 
Thin f i lm  Up t o  500 m i c r o h s  
Medium f i lm  Up t o  5,000 microhms 
Thick f i lm  Exceeding 5,000 microhms (usual ly  
more than 10,000 microhms, o r  o f f -  
s ca l e  of instrument) 
(Wires which have medium o r  t h i c k  f i lms should be checked by means of a 
weld t e s t ,  t o  determine i f  the coat ing i s  hydrated.) The contact  resist-  
ance method i s  most useful  i n  determining deoxidation p rac t i ce .  Wires 
wi th  a s  low readings a s  possible  (50 t o  100 microhms) general ly  give 
sound qua l i ty  welds. 
3 .  A flame test  may be used t o  v i s u a l l y  assess  the  comparative SUP- 
A s t rand  face f i lm  thickness  of weld wires, and a l s o  the  i n t e r n a l  qua1i;y. 
of w i r e  i s  c a r e f u l l y  heated i n  a reducing oxyacetylene flame, and the  sur-  
face appearance of the wire observed. Figure 8 shows the appearance of 
weld wires  which have a heavy oxide f i lm  thickness .  Figure 9 shows the  
appearance of w i r e s  with a th inner  oxide coa t ing ,  but which i s  hydrated. 
Figure 10 shows a longi tudina l  c ross  sec t ion  through a random sample of 
weld wire a f t e r  flame t e s t i n g ,  showing the extreme amount of gross i n t e r n a l  
porosi ty  which occurred. Sometimes gross  porosi ty  does not form, but  ex- 
cess ive  shrinkage microporosity i s  observed a f t e r  flame t e s t i n g ,  a s  shown 
i n  FLgure 11. Both wires produced welds of D radiographic qua l i t y  or  
worse. (See Figure 5.)  
4 .  Metallographic examination of the  wire may show the  presence of 
inc lus ions  or  voids  which may be the cause of weld porosi ty .  Figure 12 
shows the microstructure  of two wires of t h e  same Al-Mg-Zn composition. 
One produced a sound weld, and t h e  o ther  produced a porous weld. 
5.  I n  work requi r ing  radiographic inspec t ion ,  i t  i s  des i r ab le  t o  
check the qua l i t y  of welds made by the  f i l l e r  wire before  the  wire i s  used 
on the production pa r t .  It i s  a r e l a t i v e l y  simple matter  t o  take c lean  
aluminum mater ia l  of t he  same a l loy  a s  t o  be used i n  production and make a 
three-pass  f i l l e t  weld, cool ing between each pass.  The f i l l e t  weld may 
then be broken open and examined f o r  porosi ty .  Some typ ica l  f i l l e t  weld 
f r a c t u r e s  a r e  shown i n  Figure 13. A qua l i t y  of a t  l e a s t  Grade I1 is 
required f o r  most work. It i s  a l s o  possible  t o  deposi t  severa l  successive 
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Hot Phosphoric 500X 
Figure 6. Cold Lap in Welding Wire 
3/32-inch 2319 filler wire. 
Transverse cross section through random sample of 
I '  
*I- 
. ,  
. '.. 
. ( 4  
i ., 
. r  
. 
Unetched 500X 
Figure 7, Longitudinal View of Wire Surface Oxide 
Wire was eccentrically shaved, resulting in a stripe. 
of heavy oxide remaining on one side. Experimental 
AI-zn-Mg filler alloy. 
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Small Qxyacetylen 
H714b 
(b)- 4X 
(a) Flame test i s  conducted using a reducing oxyacetylene flame. 
(b) Heavy oxide on wire gives a broken macaroni effect. 
(c) Heavy oxide on wire shows blistering from hydration. 
(d) Appearance of extremely heavy surface oxide. 
Flame Testing Aluminum Weld Wire Figure 8 ,  
13 1 
4x 
FigUre 9, Wires Heated in Oxyacetylene Flame That Show Evidence of Hydrated Oxide 
Wire on Isf ~ ~ 5 ~ ~ % ~  than wire on right. 
13 2 
This wire, although giving low surface contact 
resistance values, still indicated severe 
blistering upon flame testing. The amount of 
internal porosity which resulted was ssvere. 
Figure 10. Longitudinal Cross Section Through a Weld Wire Which Has Been Flame Tested 
Unetched 1 oox 
Figure 11, Shrinkage Porosity i n  2319 Weld Wire a f ter  Flame Test Melting 
13 3 
HA 
.. 
.. ? 
i 
134 
I 
X 
0 
u) cv 
X 
0 
u) 
(v 
S 
0 
3 
-5 
-0 
a, 
0 
3 
-0 
Q 
2 
0)  
S 
0 
3 
-0 
Q 
.- 
$2 
!2 
5 
UI 
h 
0 
d 
rl 
4 
k 
7 
U 
c) 
U 
v) 
0 
k 
c) 
2 
2 
rl 
a, 
k 
7 
M 
Fr 
' r l  
50 I 
200 a1 
500 I11 
IV 3000 
v 1 0,000 
Figure 13. F i l l e t  Weld Fracture Porosity Standards 
Department of Metallurgical Research 
Welding Engineering Branch 
13 5 
l aye r s  of weld metal  on a f l a t  p l a t e  o r  make a b u t t  weld, e i t h e r  of which 
can be broken open o r  radiographed. This  w i l l  a ssure  t h a t  the  q u a l i t y  of 
f i l l e r  w i r e  Geing used i s  adequate f o r  the  job. 
show de fec t s  with the  equipment, the  welding procedure, e t c .  
Preweld checking may a l s o  
Occasionally,  a gas b o t t l e  may have a dew point  considerably higher  
than -40F. 
loose f i t t i n g s ,  warped ceramics, to rches  which have been overheated so t h a t  
so lder  j o i n t s  l eak , .u se  of hoses f o r  t h e  sh ie ld ing  gas which have previous- 
l y  been used f o r  water l i n e s  o r  use of o ld  rubber hoses,  a r e  a l l  conducive 
t o  moisture pickup i n  the  sh ie ld ing  gas.  
escaping from the  torch  nozzle can be checke.d by determining i t s  dew point .  
A molecular s ieve  tower i n  the gas l i n e  i s  good insurance aga ins t  moisture 
pickup i n  the gas stream. 
I n  the  case of the  welding torch ,  improperly seated O-rings, 
The vapor content of t h e  gas 
(The following comments on gas motion wi th in  a puddle apply t o  f l a t  
o r  v e r t i c a l  pos i t ion  welds. 
t o  be entrapped.)  
I n  hor izonta l  o r  overhead welds, the  gas tends 
The amount of gas remaining i n  the  weld pool i s  a funct ion of how 
f a s t  the  weld pool s o l i d i f i e s .  
pool i s  determined by the  amount of t i m e  the  gas bubbles have t o  rise t o  
the  surface.  I f  most of the  gas has t i m e  t o  escape before the  weld pool 
s o l i d i f i e s ,  t he  weld w i l l  have l e s s ' po ros i ty  and be of general ly  good 
radiographic qua l i t y .  The t i m e  during which the weld pool i s  molten i s  
determined by the  hea t  input  i n t o  the  weld, t he  r a t e  of heat  ex t r ac t ion  
from the  weld, t he  f l u i d i t y  or v i s c o s i t y  of the  weld pool, the  f reez ing  
r a t e  of t h e  weld pool, t h e  temperature of t he  surrounding ma te r i a l ,  the  
temperature of the  back-up bar  used, and the  groove configurat ion of the  
back-up bar .  
The r a t e  a t  which gas escapes from a weld 
Slowing down the  cool ing of t he  weld puddle by increasing the  hea t  
input  i n t o  the  weld can be accomplished by increas ing- the  cur ren t  o r  
decreasing the  t r a v e l  speed, o r  both,  wi th in  the  opera t ing  l i m i t s  condu- 
c ive  t o  proper bead deposi t ion and contour,  and the  thickness  l imi t a t ions  
of t he  base mater ia l .  
welding. 
increase arc vol tage  and reduce porosi ty .  The r a t e  of heat  eGtracted from 
the weld i s  general ly  f a i r l y  high due t o  the  high conduct ivi ty  of aluminum. 
Obviously, with heavier ,  t h i cke r  s ec t ions  more hea t  i s  absorbed thah wPth 
th inner  sec t ions .  The cool ing rate can be slowed by preheating, although 
preheating may reduce mechanical proper t ies  as a r e s u l t  of annealing o r  
overaging of the  parent metal o r  hea t -a f fec ted  zone. 
U s e  of higher  arc vol tage  i s  bene f i c i a l  i n  MIG 
H e l i u m  may be added t o  argon i n  amounts over 10 percent t o  
Weld metal cools  from the  outer  edges toward the  center  of t he  weld 
nugget. It frequent ly  happens t h a t  the  cool ing r a t e  i s  such t h a t  porosi ty  
i s  frozen i n  along the  fusion l i n e ,  o f t e n  giving r ise t o  the  sometimes 
erroneous conclusion t h a t  such poros i ty  came from the  base mater ia l .  A 
wide weld bead, having a t h i n  f ea the r  edge a t  i t s  width ex t remi t ies  can 
have a l i n e  of poros i ty  a t  t he  edges due t o  f a s t  f reez ing  of the t h i n  
sec t ion  of weld metal. This  w i l l  show a s  l i n e  porosi ty  i n  a radiograph 
and i s  assoc ia ted  general ly  with mult ipass  s t r inger-bead type welding. 
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The f l u i d i t y  o r  v i s c o s i t y  of t he  welding pool w i l l  a f f e c t  porosi ty .  
For example, a weld deposi t  of 1100 a l l o y  has  an instantaneous f reez ing  
r a t e ,  whereas 4043 has a more f l u i d  puddle with a broader f reez ing  range. 
Weld metal from a f i l l e r  containing magnesium o r  z inc  may be less f l u i d  
due t o  the  presence of heavier  surface oxide f i lms  on the weld puddle. 
f reez ing  rate of t he  weld pool i s  a funct ion of the  a l b y ,  1100 being a l -  
most i n s t a n t  f reez ing  and 4043 and 5000 a l l o y s  having slower f reez ing  rates. 
Other i n t e r - r e l a t e d  f a c t o r s  such as t h e  t r a v e l  and preheat w i l l  a f f e c t  the  
f reez ing  rate s l i g h t l y .  Use of negat ive ion  oxygen o r  ch lor ine  add i t ives  
t o  the  sh ie ld ing  gas apparent ly  increases  f l u i d i t y .  
The 
Root poros i ty  may be obtained i n  a weld made with a back-up ba r  i f  
the  wrong groove conf igura t ion  i s  used. A deep narrow groove i n  a back-up 
bar  i s  conducive t o  root  poros i ty ,  whereas a wide, shallow groove tends t o  
minimize porosi ty  because of t h e  l a r g e r  mass of weld metal a t  the  root .  
Typical roo t  poros i ty  i-s i l l u s t r a t e d  i n  Figure 14. 
up bar  has been found by some f a b r i c a t o r s  t o  f u r t h e r  reduce the  tendency 
toward root  poros i ty .  
Preheat ing of t he  back- 
E r r a t i c  Wire Feeding 
E r r a t i c  w i r e  feeding can cause poros i ty  i n  a weld metal .  Erratic 
feeding can be due t o  a nmber  of th ings .  
r o l l s .  Sl ipping can be due ts i n s u f f i c i e n t  pressure,  use of U-grooved r o l l  
which i s  of too l a rge  o r  too small a diameter f o r  the  s i z e  w i r e  being used, 
o r  too  excessive bending i n  the  guide tube of the  gun. 
t h ings ,  it i s  possible  t o  change t o  a V-groove dr ive  r o l l  o r  t o  the  r i g h t  
diameter U-groove r o l l .  
MIG welding w i r e  d r ive  u n i t  t o  t h e  MIG welding gun can cause excessive 
f r i c t i o n  on the f i l l e r  wire  i n  push type guns and cause e r r a t i c  w i r e  feed- 
ing.  
s t i t c h i n g .  Kinks i n  the  wire w i l l  jam i n  the  gun and cause a burn-back, o r  
i f  they feed through, w i l l  cause a momentary slowing of the  wire.  
e r l y  wound spools with "cross overs'' o r  edge bound s t r ands  can a l s o  cause 
e r r a t i c  w i r e  feeding. 
The weld w i r e  may s l i p  i n  the  dr ive  
To co r rec t  these 
Excessive bending of t he  cable  leading from the 
Bent contact  tubes i n  the  M I G  gun may cause excessive f r i c t i o n  and 
Improp- 
Aluminum w i r e  can se i ze  and g a l l  i n s ide  the  contact  tube causiag an 
e r r a t i c  o r  s t i t c h i n g  a r c  ac t ion .  
co r rec t  t h i s  s i t u a t i o n .  Elec t ronic  huntzing sometimes occurs.  This  can be 
due t o  a dead b i a s  b a t t e r y  so t h a t  no a r c  con t ro l  i s  obtained o r  t o  mechan- 
i c a l  f a c t o r s  such a s  worn dr ive  r o l l  bear ings,  a defec t ive  thyra t ron  tube,  
o r  o ther  t roubles  i n  the  c i r c u i t  such a s  shorted r e s i s t o r s ,  defec t ive  re- 
l a y s ,  e t c .  I f  the  wire speed i s  too low, t h e  dr ive  motor may have i n s u f f i -  
c i e n t  t o rque . to  maintain even speed. Use of t h e  wrong s i z e  l i n e r  o r  guides 
can cause e r r a t i c  wire feeding, p a r t i c u l a r l y  i f  a w i r e  s i z e  l a r g e r  than i s  
recommended f o r  t h e  l i n e r  i s  being used. 
Replacing with a new contac t  tube w i l l  
Welding cu r ren t  can a f f e c t  porosi ty .  Where the  welding cu r ren t  i s  
too low, an e r r a t i c  a r c  t r a n s f e r  occurs,  r e s u l t i n g  i n  excessive turbulence 
of t he  pool and increasing the  l ike l ihood of porosi ty .  
t h a t  extremely shor t  a r c  lengths  a r e  conducive t o  weld porosi ty .  
a r c  length genera l ly  occurs with low vol tage .  Short a r c  lengths  a l s o  occur 
with mechanical s t i t c h i n g  on the  weld wire ,  and porosi ty  occurs a t  t he  poin ts  
It has been observed 
A shor t  
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Hot Caustic 3x 
Figure 14. Example of’Root Pcros i ty  
Line of root porosity in weld deposited against 
unheated backing bar. 
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where the arc was short. 
have shorter arc lengths than larger diameter wires, so.that an arc length 
which is normal for 0.020-inch diameter wire would be short for 3/32-inch 
wire. 
It should be remembered that smaller diameter wires 
Porosity can be related to the quality of the base material, partic- 
ularly in castings. A "boiler effect" can occur where the weld metal heats 
a volume of gas from a lamination in the base material, forming porosity as 
shown in Figure 15. 
Plate materials sometimes appear to have a tendency to out-gas when 
There is often a sufficient quantity of melted in a furnace or in an arc. 
gas to cause porosity in DCSP-TIG welds. An example of porosity formed 
upon melting, compared to that observed in a TIG-horizontal weld in the 
same material, is shown in Figure 16. It has been suggested that a melt 
test sample be taken from production material and correlated with radio- 
graphic results, with the goal of establishing how much gas can be toler- 
ated without weld difficulty. The quantitative effect of gas content vs. 
weld quality is a major research area which has not yet been properly 
studied. 
Microfissures in the heat-affected zone apparently can be inflated 
by hydrogen gas pressure. Hydrogen would tend tb lie in the last-to-freeze 
metal areas of low-melting eutectic. 
these low-melting stringers, but expands the hydrogen there as well, giving 
an effect as shown in Figure 17. A similar effect was noted by Nikiforov 
(Reference 7 )  in describing porosity in a 6 percent Mg alloy. 
The heat of welding not only melts 
Multipass Welding 
Porosity is more prevalent in multipass welds than in single pass 
welds. Apparently, successive beads pick up gas contamination from pre- 
ceding beads, and cause a cumulative effect. Thus, top passes of welds in 
heavy plate have been observed to contain more. porosity than root passes. 
Wherever practicable, welds with a minimum number of passes should be used. 
High-current density techniques make possible MIG butt welding with a sin- 
gle pass per side in aluminum plate up through 1-1/4 inches thick. 
larly, DCSP-TIG weldments can be made in a single bead in plate up to 
3/4-inch thick in some alloys. 
Simi- 
EFFECT OF WELD METAL POROSITY ON MECHANICAL PROPERTIES 
One question frequently asked by fabricators is, "What efdect does 
weld porosity have on the properties of aluminum welds?" 
Figure 18, considerable porosity can be tolerated in a weld, before there 
is much effect on mechanical properties. 
extremely high before tensile properties drop off appreciably. 
are for MIG weldments in 5083 plate where different porosity levels were 
obtained by contaminant additions to the MIG welding arc. The effect of 
porosity on fatigue properties of weld metal would be expected to be more 
deleterious. 
As shown in 
The level of porosity can be 
Data shown 
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1 ox 
Figure 15, Porosity in Aluminum Weldment Caused by Lamination in Parent Material 
140. 
2x 
Sample from edge o f  7075 plate al loy was melted in electric furnace. 
and sectioned longitudinally. 
2x 
Cross section from 
same sample as above 
0 ve rhead 2x 
DCSP-TI G bead-on plate 
Horizontal 2x 
DCSP-TIG butt weld 
Hot Caustic 
Figure 16, Comparison of Porosity in Furnace-Melted AlIoV 7075 and in Welded 7075 Plate 
A11 of the above samples were made from the same parent material, indicating that porosity can be 
found by different means. 
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Phosphor i c 50X 
Figure 17. Gross Porosity i n  Heat-Affected Zone o f  Welded 7075 Al loy  
The heat of welding has apparently melted lowmelting eutectic material, 
and at the same time expanded the hydrogen present, resulting in the 
spectacular separation shown in this sample. 
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IO 
YIELD STRENGTH 
Figure 18. Effect of Weld Porosity on Static Tensile,Properties of 5083-H113 Welded with 
5356 Filler 
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Dross 
II_ 
Dross i s  aluminum oxide o r  aluminum n i t r i d e  f i lms  which may be 
genera l ly  sca t t e red  throughout ve ld  beads. The presence of oxygen i n  the  
sh i e ld ing  gas o r  on the  surface of t he  so l id i fy ing  weld pool causes dross .  
Figure 3 shows the  dross  l e v e l  obtained i n  a weld where 2 .0  cu cm per min 
of oxygen was added t o  the  sh ie ld ing  gas.  I n  t h i s  case,  the  dross  has the  
appearance of pepper on the f r ac tu red  metal sur face .  
present a s  a f i lm  i n  "cold shut" a reas  where the  a r c  length has been too 
long and the  weld bead has not  been fused i n t o  the  underlying metal .  
Dross may a l s o  be 
There a r e  severa l  sources from which oxygen can e n t e r  i n t o  the weld 
pool. The primary source i s  from poor sh ie ld ing .  Draf t s  i n  the welding 
area can cause a momentary o r  cont inua l  l o s s  of sh ie ld ing  so t h a t  excessive 
a i r  i s  allowed t o  contaminate the  weld sur face .  I f  the  gas flow i s  too low, 
inadequate sh ie ld ing  of the  weld pool w i l l  r e s u l t .  It i s  bel ieved possible  
t h a t  a i r  en te r ing  the  contact  tube may be a f a c t o r  i n  dross  formation. Use 
of too s m a l l  a gas cup f o r  the  diameter of w i r e ,  t he  cu r ren t ,  and the  s i z e  
weld pool,  can r e s u l t  i n  i n e f f i c i e n t  sh ie ld ing  and allow excessive a i r  t o  
ge t  t o  the  weld pool. 
Weld Wire Surface 
The f i l l e r  w i r e  i s  another source of oxygen. I f  t he  w i r e  has  not 
been prepared i n  a manner which minimizes the  thickness  of the  oxide f i lm,  
the  w i r e  surface i s  a source of  oxygen. Oxygen i s  a l s o  present i n  hydro- 
carbons which can be on the wire sur face ,  p a r t i c u l a r l y  i f  the wire  has been 
l e f t  open i n  the  shop without pro tec t ive  p l a s t i c  covers over t he  spools on 
the  welding machines. 
Base Metal and Weld Oxide 
Welding over base metal sur faces  t h a t  have not  been deoxidized o r  
properly w i r e  brushed p r io r  t o  welding i s  another  source of oxygen, p a r t i c -  
u l a r l y  i n  sheet .  
beads have not been properly w i r e  brushed before  deposi t ing the next suc- 
ceeding bead. I n  j o i n t s  which a r e  t o  be welded from both s ides ,  i t  i s  
possible  to have dross  i n  the.underside of roo t  beads which may be removed 
by chipping, mi l l i ng ,  o r  o ther  means p r io r  t o  depos i t ing  weld metal  on the  
second s ide .  
L a s t ,  preceding weld beads are a source of oxygen i f  the  
Measures f o r  reduclng dross  l e v e l s  include sh ie ld ing  aga ins t  d r a f t s ,  
using higher  gas flows, pressur iz ing  the contac t  tube with sh ie ld ing  gas,  
using l a r g e r  gas cups. The possible  in t roduct ion  of oxygen from the weld 
w i r e  can be minimized by using welding w i r e  which has a minimum hydrated 
oxide f i l m  thickness  and which i s  e s s e n t i a l l y  f r e e  of hydrocarbon contamt- 
i a n t s  a s  packaged. 
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A s  arorementioned, a very simple check of the oxide film thickness 
on a welding +wire can be made by melting welding wire samples in an oxya- 
cetylene flame. Welding wires having a thin film can be differentiated 
from those having a heavy film by the nature and behavior of the molten 
droplet within the oxide bag which will form on the end of the wire being 
melted. Base materials should be cleaned and procerly deoxidized or wire 
brushed prior to welding. 
between successive beads to reduce dross. 
instances wili require chipping or milling the underside bead to sound 
metal. 
is seldom necessary. Table I1 smarizes corrective measures for dross. 
Similarly, weld beads should be wire brushed 
Double-welded joints in many 
In the case of high current density techniques, underside chipping 
Dross has a serious effect on mechanical properties of the weld. 
Dross films act the same as microfissures or. voids and result in a marked 
drop in tensile properties and ductility. Excessive dross in a weld pre- 
clude passing any kind of a bend test such as is required for procedure 
and operator qualification tests by ASME Section IX of Unfired Pressure 
Vessel .Code. 
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Table 11. Some Causes And Suggested Correct ive Measures 
For Dross I n  M I G  Weld Metal-, 
Basic Contr ibut ing Suggested Correct ive 
_I__ Cause Fac tors  Measures 
Poor sh i e ld ing  Dra f t s ,  causing l o s s  Provide adequate s h i e l d i n g  aga ins t  d r a f t s  
of sh ie ld ing .  i n  the  welding area. 
Gas flow too low. Increase  sh i e ld ing  gas flow r a t e .  
Entrained a i r  down 
contac t  tube. gas. Use a l a r g e r  gas cup. 
Gas cup too  small .  
Pressur ize  contact  tube with sh i e ld ing  
Weld w i r e  Oxygen from exces- Use w i r e  with t h i n  oxide f i lm.  
sur face  s ive  oxide.  
Oxygen from hydro- 
carbon contaminant. covers .  
P ro tec t  w i r e  i n  shop wi th  p l a s t i c  
Base metal Heavy oxide f i lm.  
sur f  ace Spa t t e r  p a r t i c l e s .  Adjust welding condi t ions  so spat ter  
Wire brush o r  chemically remove oxide. 
does not  occur ahead of weld pool. 
Weld metal Oxide f i l m  on pre-  Wire brush each bead before  depos i t ing  
ceding beads. next successive bead. 
Dross i n  underside Chip o r  m i l l  underside t o  sound metal .  
of roo t '  passes.  
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DISCUSSION 
Mr. Rieppel: I have two questions, Frank. The first one refers to 
the flame test shown for the wire. 
close to the melting point, or you may even be at the melting point, when 
you're running that test. 
from the products of combustion from the oxyacetylene flame. 
any way enter into the test? 
In an oxyacetylene, flame, you reach very 
There is a good opportunity to pick up hydrogen 
Does this in 
-Mr. Baysinger: That is a very valid criticism of the flame test, 
These 
but we assume that the amount of moisture entering from the flame is a con- 
stant, and you can very definitely show variations between wires. 
variations can be demonstrated to cause differences in the weld, and this 
is a test that we make many times for many people. 
thing. 
It's a very reproducible 
Mr. Rieppel: The other question was concerning the use of chlorine 
as you mentioned toward the end of the talk. 
my paper, and as a matter of fact, I said that this was about the only thing 
that I have found in' the literature in the last few years that s.howed some 
means of getting rid of porosity other than the usual methods. The thing. 
that I wondered about is this: if you ruu a little bit of chlorine down the 
guide tube, what is the mechanism of reducing porosity? Do you have any 
information about that? 
I have referred to th-is in 
Mr. Baysinger:' There are two theories on this. I have my own and 
there's Vern Eastwood's. 
the water and the magnesium or the aluminum, to form the oxide plus the 
hydrogen as shown in your equation. The chlorine then reacted with the 
free hydrogen to form hydrochloric acid, which then passed off with the 
shielding gas. 
at it this way because I also knew that oxygen works as-a scavenger of the 
hydrogen, and I felt that perhaps it was more of an ionic action, and that 
the presence of the negative ions caused the free hydrogen that was formed, 
or the atomic hydrogen, to recombine before it,hit the metal Surface and 
passed off with the gas. It is quite probable that both mechanisms work, 
and who's to say? We can't tell. This, again, is an area that should be 
studied. 
because these drops as they form, and particularly with the magnesium-con- 
taining and the zinc-containing aluminum, are very wild. 
typical teardrop shape that you normally see. They're like a bunch of mad 
spiders; they're real violent. 
In Vern's theory, the reaction was first between 
That is probably the most correct. I have always looked 
I think that you could get more clues using the high speed camera, 
They're not the 
Mr. Saperstein: I think there might be another possibility too, 
Bob, that bears on your ionization idea, and that is if halogen, chlorine, 
oxygen, nitrogen, even helium,disassociates in the arc atmosphere, it 
changes the total concentration of ions in the arc atmosphere. And this 
alone, changing the concentration of ions, can inhibit a reaction, progres- 
sing in one direction or another. This may be a factor. I don't know. 
* 
Mr. Hutchinson: I am in quality control. Are you suggesting that 
these be acceptance tests at a manufacturer's plant? 
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M r -  Baysinger: It could come t o  t h i s .  Right now, I don ' t  t h ink  t h a t  
This  w i l l  come i n  t i m e ,  
There the  hydrogen quant i ty  is  spe l led  out ,  
I would say t h a t  it would 
you could ge t  any supp l i e r  t o  agree t o  the  tes t .  
and u l t imate ly  such t e s t i n g  w i l l  be done the  same a s  the  KIL spec i f i ca t ioh  
f o r  low hydrogen e lec t rodes .  
and the  method of measuring it i s  spe l led  out .  
be f i v e  years  before  the re  i s  a c t u a l l y  a MIL spec i f i ca t ion  which covers 
these  f ea tu res ;  however, while you are wai t ing  f o r  t h a t ,  t he re  i s  sure  
nothing wrong wi th  looking a t  your ma te r i a l s  t h a t  you a r e  going t o  use f o r  
radiographic  qua l i t y  weld. You have the  power of inspec t ing  it r i g h t  now. 
M r .  Hutchinson: Well, i f  we d id  t h i s ,  how much usable  w i r e  do you 
th ink  we would ge t?  
M r .  Baysinger: This  i s  a problem t h a t  I ' m  faced wi'th every day i n  
working with pressure ves se l  f a b r i c a t o r s  whose standard of radiographic 
q u a l i t y  i s  i n  no way d i f f e r e n t  than the  NASA Class  2 standard.  These people 
work under f i e l d  condi t ions wi th  high winds, d r a f t s ,  poorly t r a ined ,  l o c a l l y  
procured 
Class 2 standard,  and they do it. But they 30 it by checking t h e i r  ma te r i a l s  
and j u s t  making sure  t h a t  they do not g e t  a bad w i r e .  
sh i e lds ,  properly w i r e  brush, and they make t h e  welds. 
i s  r e j ec t ab le ,  
h a l f  of it i s  good. 
operators---every problem i n  the  book---and have t o  meet a NASA 
They put up d r a f t  
As t o  how much w i r e  
i t ' s  possible  t o  reject 50 percent of it; but  remember, t h a t  
M r .  Chyle: I ' d  l i k e  t o  comment; i s  it  t r u e  t h a t  i n  the  making of 
t hese  aluminum a l l o y s ,  t h a t  sometimes they use ch lor ine  i n  the  r e f i n i n g  of 
'aluminum when they make these  ingo t s  f o r  r o l l i n g ?  
M r .  Baysinger: Y e s ,  t h a t  i s  a s tandard prac t ice .  Because, remember 
i n  the  aluminum indus t ry ,  6e have been producing metal  f o r  t h e  a i r c r a f t  i n -  
dus t ry  f o r  years ;  and "defect" t o  the  a i r c r a f t  indus t ry  i s  something l i k e  a 
64th of an inch i n  diameter. A "defect" i n  t h e  steel indus t ry  i s  something 
you can put t he  head of a match i n .  
q u a l i t y  ma te r i a l  t o  begin with.  
w e ' r e  not doing these  th ings ,  but  a s  Gus pointed out ,  we don ' t  know what t o  
degas t o .  
of gas we can t o l e r a t e  i n  the  metal  versus  t h e  weld. So, chlor ine  i s  used. 
I th ink  t h i s  i s  universa l  i n  the  industry.  
So, we're used t o  producing a much h igher  
The problem i s  not  due t o  the  f a c t  t h a t  
The leve l  has not  been determined--the r e l a t ionsh ip  t o  t h e  amount 
M r .  Chyle: Your f i r s t  c h a r t  a l s o  showed t h a t  t he re  was a r e l a t i o n -  
s h i p  with the  t i m e  of day, t he  humidity, and the  var ious  months of t he  year .  
I wonder i f  you would comment on t h a t .  It seemed t h a t  the  next p i c tu re  was 
fou r  o r  f i v e  X-rays, OF d id  it precede with increas ing  amounts of porosi ty? 
Now how was t h a t  co r re l a t ed?  Can you t e l l  me? 
M r .  Baysinger: .Yes, t h a t  s l i d e  was t o  show one thing:: i f  your 
r e l a t i v e  humidity, o r  whatever t h i s  is i n  terms of absolu te  humidity, i s  
below 50 percent;  your wires can be s tored  f o r  i n d e f i n i t e  per iods of 
t h e  without any appreciable  p r a c t i c a l  degradation. 
over  t h i s  point  though, your w i r e s  begin t o  d e t e r i o r a t e ,  and probably a 
month s torage t i m e  2s a l l  you can t o l e r a t e  without being i n  a dry room. 
This  work l ed  t o  the  universa l  packaging t h a t  i s  now used, pu t t i ng  the  
w i r e  i n  some kind of vapor-barr ier  package. The only problem i s  who's t o  
say t h a t  what went i n  the re  i s  p e r f e c t . &  We're leaving something out  here  
somewhere a 
I f  t he  humidity goes 
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Mr. Chyle: I might pass this on. I, myself, had this experience. 
I had a wire that did produce porosity in MIG welding. I took that wire in 
coil form and heated it in an electric Oven up to about 250-3009 for about 
3 hours, and after that 1 used the same wire. The porosity was almost gone. 
It might have'had a direct effect on heating up this wire that apparently 
had been contaminated. I wonder if someope has had a similar experience 
like that. Preheating this bad wire did give us relief. Now, it wasn't 
100 per cent, but it was good enough that we could use it. Yes, Mr. Brown? 
Mr. Brown: In the foundry industry, this is an old trick of pre- 
heating the ingot which we suspect has been exposed to ambient conditions--- 
(inaudible)---: And, of course, Mr. Baysinger pointed out that preheating 
to avoid the chill in the first pass is most effective. 
that in many cases, those people that do a lot of aluminum welding use 
copper chills. They preheat the copper chills, again in the range of 150- 
200 degrees, to get rid of this root porosity.' 
Also, I understand 
Question: Speaking only of MIG welding, I would like to know if you 
have found any difference in the porosity level between the conventional 
fall spray .transfer arc and the so-called short circuiting arc? 
Mr. Baysinger: The short-circuiting arc gives you an inherently 
high cooling rate and that alone causes you difficulty. So, the procedures 
which you must use to eliminate porosity are at the other end of the scale. 
If you could always make your welds in one inch plate, for example, single 
pass high current density welds, you'd never see porosity. You could take 
mill run wire, undegreased, unshaved, j u s t  a produced-fence wire and make 
a perfect weld with it. We have done this. 
Question: Can I assume then, that you're saying that to get a water 
clear negative, you should not use the short circuiting process? 
Mr. Baysinger: Not unless you have absolutely perfect materials. 
It can be done. 
you. 
But, you are multiplying the problem; everything is against 
You have no margin of reserve. 
Mr. Chyle:' I think we will have to close this very interesting 
discussion, and again, we want to thank Mr. Baysinger for a very, very 
fine presentation. 
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INTRODUCTION 
In the welding of any material, it is essential that limits be estab- 
lished for material, welding process, and tooling before component designs 
can be realistically formulated. The data to be presented to you now are 
just a beginning of such limit definition. There are many areas yet to be 
investigated, and needless to say, the conclusions are tentative, needing 
further validation (I 
Generally; a definite trend or pattern of test results has been ob- 
served and a direction for further testing is clear. A s  we gather basic, 
reliable, background data, further testing becomes more meaningful and less 
voluminous. 
Our study deals with 2219-T87 aluminum alloy plate in thicknesses 
from .224 inch to 1 inch. Both TIG and MIG processes are used with one 
pass and two passes from one side, and two pass, one from each side welding. 
The welds were made in the horizontal position, using square butt joints, 
and in the free state with no backup or hold down tooling. 
'is based on tensile properties, X-ray quality, energy input versus tensile 
properties,'metallographic analysis, and process limits and control. 
Evaluation 
The Effect of Time-Temperature on Tensile Properties 
Fusion welding is basically a temperature-time process with a 
heat source.moving in relation to the material. The effect of time at 
temperature during welding on tensile properties of welded 2219 is the 
primary issue of this study. 
Figure 1 shows the relation of heat energy input to ultimate tensile 
strength. As heat input is increased strength is sharply deceased, up to 
a point; then strength reduction is gradually lowered. Even though data 
for this plot were taken from several different programs a definite pattern 
is established as indicated within the limits of the banded area. Under 
controlled test conditions employing the same welding equipment, heat 
energy and tensile data have demonstrated a closer correlation. 
In order to provide a common denominator €or all thicknesses, 
heat input was .calculated on the basis of joules per inch divided by thick- 
ness of the work piece-, Furthermore, data were found to correlate better 
whe.n using only the heat input af the fusion pass of a two pass one each 
side weld. 
The fact that welding two pass, one from each side provides greater 
strength than single pass or two pass one side suggests that there is a 
second major factor influencing the time-temperature ratio in addition to 
weld heat input; that is melt area to heat sink. When TIG welding with 
partial penetration, the resulting melt area is normally smaller than the 
area required for complete penetration. 
weld, the combined time-temperature effects for both passes on strength 
reduction is lessened, 
Thus, in a two pass one each side 
The same phenomenon is seen when welding with MIG, 
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The MIG process has been noted t o  produce a l a r g e r  melt  zone. Thus, 
with t h e  same hea t  s i n k  c a p a b i l i t i e s  f o r  both processes,  i t  follows t h a t  
t he  time-temperature e f f e c t  would reduce s t r eng th  more with M I G  than with 
TIG 
Although a d e f i n i t e  trend i s  indica ted ,  cont rad ic tory  da ta  do 
exist. Some tests a r e  begng repeated f o r  va l ida t ion ;  Additionally,  a 
confidence l e v e l  must be’es tab l i shed  f o r  the  da ta  s k a t t e r  band. 
many f a c t o r s  besides energy input  which w i l l  cause v a r i a t i o n  i n  t e n s i l e  
s t rength .  
o r  by q u a n t i t a t i v e  da ta  ana lys i s .  
includes f i l l e r  metal, bead shape, quench r a t e ,  paren t  metal s t r eng th ,  
mechanical notches, s t r a i n  r a t e  i n  t e n s i l e  tests, even such d e t a i l s  a s  
micrometer measurement of  specimens. 
can the  s e n s i t i v i t y  of t h e  ma te r i a l  t o  energy input v a r i a t i o n  be accu ra t e ly  
es tab l i shed .  
There a r e  
These must be i s o l a t e d  and analyzed e i t h e r  by s impl i f i ed  tests 
An i n d i c a t i v e  l i s t  of such f a c t o r s  
Only a f t e r  t hese  f a c t o r s  a r e  considered 
Metal lomaphie Analysis 
Aluminum a l l o y  2219 i s  b a s i c a l l y  a binary e u t e c t i c  system of’Al-Cu, 
and thus is hea t  t r ep tab le ,  
aged tempers ,  t he  mechanical p rope r t i e s  of 2219 may be reduced by a maximum 
of only f i v e  percent by rehea t ing  t o  a temperature of 50O0F. Therefore, i-t 
i s  reasonable t o  assume t h a t  t h e  maj6r l o s s  i n  s t r eng th  caused by t h e  hea t  
of fus ion  welding w i l l  be l imi t ed  t o  t h e  zone which was heated above 500°F. 
In  the  so lu t ion  hea t  t r e a t e d  and a r t i f i c a l l y  
The reduct ion  i n  mechanical p rope r t i e s  of t h i s  a l l o y  by weld‘ing i s  
pr imar i ly  due t o  t h e  t i m e  a t  temperature above 1000°F which results i n  
e u t e c t i c  melting. 
i n  the  form of widened g ra in  boundaries and e u t e c t i c  melted and agglomerated 
b r i t t l e  phases, p r i n c i p a l l y  CuA12. 
which forms i’s a func t ion  of t i m e  a t  temperatures above lOOOOF a t t a i n e d  
during welding. 
by varying the  welding speed, 
Evidence of t h i s  melting i s  observed i n  t h e  micros t ruc ture  
The amount of g r a i n  boundary e u t e c t i c  
I n  t h i s  i nves t iga t ion  the t i m e  a t  temperature was con t ro l l ed  
Figure 2 shows photomicrographs of welds made a t  10, 30 and 60 ipm which 
have been chosen t o  i l l u s t r a t e  t h e  e f f e c t  of u n i t  h e a t  input on macro- 
s t r u c t u r e  and microstructure.  
The welds made a t  30 ipm and 60 ipm have much shallower weld beads, 
narrower apparent hea t -a f fec ted  zones, and f i n e r  c a s t  metal g r a i n  s i z e s ,  
a l l  of which i n d i c a t e  less t o t a l  u n i t  hea t  input and f a s t e r  cooling r a t e .  
The welds made a t  30 and 60 ipm have approximately t h e  same bead width; 
hqwever, t h e  60 ipm weld has less penet ra t ion  and a f i n e r  caq t  metal m--<- 
s i ze .  
Figure 3 shows t h e  c a s t  meta l lhea t -a f fec ted  zone i n t e r f a c e  of t he  
t h r e e  r e spec t ive  welds; 
zone with considerably more agglomerated CuA12. 
The weld made a t  10 ipm has  a much wider t r a n s i t i o n  
Figure 4 shows t h e  same a reas  a t  higher magnification. The 10 ipm 
weld has an a f i o s t  continuous network of C u A l  a t  t h e  g r a i n  boundaries. 
welds made a t  higher speeds and the re fo re  w i d  lower energy input shows 
progress ixe ly  less CuA12 a t  t h e  g r a i n  boundaries. 
agglomerated CuA12 p a r t i c l e s  w i th in  t h e  gra ins .  
The 
These welds a l s o  show less 
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b. 30 IPM 
C. 60 IPM 
Figure 3 .  Micrographs of  2 Pass Weld, One.Pass Each SSde a t  200X 
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a. 10 IP 
b. 30TPM 
c. 6 0 I P M  
Figure 4 .  Micrographs of 2 Pass Weld, One Pass Each Side a t  500X 
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The Ef fec t  of Time-Temperature on Porosi ty  S ize  and Count 
We reason, from experimental da t a ,  t h a t  frequency, location,and s i z e  
Results of welds made of poros i ty  can be cor re la ted  with time-temperature, 
on 132 inch diameter cy l inders  appears  t o  ind ica t e  t h i s  t o  be so. Data 
from these welds a r e  p lo t t ed  i n  Figures 5 ,  6 and’7 .  
Figure 5 shows 375 inches of one weld, represent ing a low hea t  
input  of 33,000 J / i n . / i n . ,  required a r epa i r  r a t e  of 1 percent.  
I n  Figure 6 the graph ind ica tes  t h a t  a s  welding speed i s  increased 
with correspondingly l e s s  energy input ,  the poros i ty  l e v e l  drops,  and the 
porosi ty  loca t ion  moves toward the center  of the nugget, suggesting tha t  
porosi ty  i s  being inh ib i t ed  i n  i t s  formation. 
The locat ior .  of the porosi ty  can be a bas i s  f o r  reducing the number 
of r epa i r s .  I f  the  poros i ty  l i e s  wi th in  the center  port ion of the weld, 
i t  w i l l  have l e s s  e f f e c t  on j o i n t  s t rength .  I f  located a t  the i n t e r f a c e  
between the weld i t  may i n i t i a t e  t e n s i l e  f a i l u r e .  
A t  some l e v e l  of reduced time-temperature, the formation of poros i ty  
should be almost e n t i r e l y  prevented, o r  a t  l e a s t  cont ro l led  to  be so f i n e l y  
dispersed t h a t  i t  would not be discernable .  This f a c t  has been revealed by 
high speed e l ec t ron  beam weld evaluat ion.  
Figure 6 shows the porosi ty  l e v e l  a t  th ree  t r a v e l  speeds. 
A t  30 i p m ,  1 percent r e p a i r  vas requi red ,  s imi la r  t o  the 359 inch weld. 
This shows t h a t  speeds 25 ipm and above r e s u l t  i n  a marked reduct ion f n  
porosi ty  l e v e l  i n  t h i s  ,224 inch mater ia l  thickness.  
should be or ien ted  toward these higher t r ave l  speeds o r  toward other  means 
of reducing time-temperature. 
The technique of welding 
Figure 7 shows the c o r r e l a t i o n  holds with .224 inch th ick  cy l inders  
welded by the  MIG-DCRP process.  
as  t rave l  speed i s  increased from 25 i p m  to  35 ipm.  A t  35 ipm, 0 percent r epa i r  
i s  required e However, i n  comparison with the TIG process,  t e n s i l e  proper t ies  
a r e  cons i s t en t ly  lower. 
Note the  extreme drop i n  porosi ty  l e v e l  
Process Control and L i m i t s  
Many conbinations of amperage, vol tage,  and t r a v e l  speed were t r i e d .  
The r e s u l t s  i n  mechanical proper t ies  r e l a t e d  t o  energy input were l o g i c a l ;  
however, some of the process combinations a r e  not p r a c t i c a l  on a production 
bas is .  Penetrat ion con t ro l  r e l a t ed  t o  t r ave l  speed i s  probably the most 
c r i t i c a l  a r ea .  A t  a f a s t  t r a v e l  speed, the process approaches the minimum 
energy input  necessary t o  penetrate  the mater ia l .  The non-uniformities,  
such a s  p l a t e  o f f s e t ,  thickness changes, tool ing s l o t s ,  changing hea t  s inks ,  
mater ia l  movement, e t c . ,  become most in ’ f luent ia l .  Also, the time f o r  
response required from equipment and operator  decreases ,  whereas the 
equipment and human response mechanisms remain constant .  
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The translation of laboratory controlled data, such as machine 
settings, etc., to the production level must be done on a practical basis. 
Penetration control, time for operator response, plate offset, and so on, 
are necessary considerations. 
in the confidence level. 
These must be carefully studied and included 
SUMMARY 
m e  following trend conclusions can be made: An energy input of 
45,000 to 240,000 joules in all thicknesses gives 38,000 to 41,000 psi 
ultimate tensile strength in weld joints. 
reduced, the strength sharply rises; TIG welds at 22,000 joules/in./in. 
developed 45,000 psi and electron beam welds at 12,O.OO joules have developed 
physical properties 15 percent to 20 percent higher. Porosity size and 
count decrease as time-temperature is lowered. 
As the energy level is further 
FUTURE OBJECTIVE 
The objective, then, has become "control of time-temperature ratio". 
Amperage, travel speed, mass, external chilling, etc. are variables which 
can be manipulated to produce the desired time-temperature ratio. The 
point is, control that ratio, even if you have to throw water on the weld. 
16 2 
DISCUSS I O N  
M r .  Hackman: I would j u s t  l i k e  t o  say t h a t  much of what you have 
ou t l ined  the re  c o r r e l a t e s  with our own work, p a r t i c u l a r l y  the  movement of 
t he  poros i ty  downward with the  increase  i n  speed, which I th ink  confirms 
what we a l l  have f e l t ,  t h a t  t h e  poros i ty  i n  the  top  edge of the  th ree  o 'c lock  
weld was  s t r i c t l y  a case  of grav i ty .  I f  we gave i t  enough time, i t  very 
n i ce ly  moved o r  bubbled t o  the top edge. I f  we welded f a s t  enough -- 
although the hydrogen was probably, whatever the  source,dispensed 
around the re  --- we d i d n ' t  g ive  i t  a chance t o  move up t o  the  top. 
curio,ys along t h i s  l i n e .  
c l o s e r  t o  the su r face  of the weld a s  compared t o  where the  poros i ty  l a y  a t  the  
top  edge of the  weld? 
I ' m  
When you found t h i s  poros i ty  had moved down, was i t  
M r .  Case: I n  t h i s  thickness,  i t  i s  d i f f i c u l t ,  even with 450 techniques, 
Some welds t h a t  we have c ros s  sectioned i n d i c a t e  
t o  determine the pos i t i on  of poros i ty  wi th in  the weld i t s e l f .  1 was merely 
counting the  frequency of i t .  
t h a t  t he  poros i ty  i s  from the middle o u t ;  i n  o ther  words, i t  i s  not  i n  the  
ou t s ide  l aye r  and i t  i s  not i n  the  bead reinforcement. You c a n ' t  j u s t  come 
along and shave it o f f ,  unfor tuna te ly .  Does t h a t  answer t h e  ques t ion?  
M r .  Chyle: I be l ieve  the re  i s  a ques t ion  here .  
M r .  Sape r s t e in :  There i s  one ques t ion  t h a t t h a t  comes t o  me, M r .  Case, 
Where you generated poros i ty ,  were the o the r  conditions a s i d e  from t h e i r  
thermal va r i ab le s  measured and known? What do you be l ieve  t o  be the  cause 
of poros i ty ,  t h a t  i s ,  what w a s  the  source of hydrogen? Another comment i s  
t h a t  perhaps the  entrapment of poros i ty  near the r o o t  s ec t ion  of the weld a t  
the  higher t r a v e l  speeds is;  i n  pa r t ,  due t o  the  shape of t he  s o l i d i f i c a t i o n  
of r i p p l e  zone volume. A t  high t r a v e l  speeds, t h i s  wave f r o n t  takes the  shape 
of a very elongated shovel - l ike  geometry, and it i s  d i f f i c u l t  f o r  the pores 
a t  t he  bottom of the  r o o t  where you have t h i s  elongated shovel,  t o  ge t  ou t  of 
t h i s  r i p p l e  zone: 
zone. 
B e y  have a more d i f f i c u l t  time migrating upward through the 
M r .  Case: We t r i e d  without success t o  vary the  a t t a c k  angle t o  see  
i f  t h i s  could be con t ro l l ed  i n  the  r i p p l e  zone, a s  you say. We had no r e a l  
luck with i t .  I th ink  i t  would be very d i f f i c u l t  f o r  me t o  say what caused 
the  poros i ty .  I was not  a t t a c k i n g  i t  from t h i s  standpoint.  W e  were using 
our standard welding and c leaning  techniques, t ry ing  t o  s e e  i f  we could 
e l imina te  poros i ty  by speed o r  some method of con t ro l l i ng  time and temperature. 
M r .  Bandelin: I have one thing t o  say t h a t  I d i d n ' t  hear you comment 
on. 
the loca t ion  of t he  f i l l e r  w i r e  i n  r e l a t i o n s h i p  t o  tungsten.  I n  running many of 
t h e  hor izonta l  tests, I found we can e l imina te  an awful l o t  of t h i s  "upper 
poros i ty ,"  as you r e fe r r ed  t o  i n  your s l i d e s ,  by t h e  loca t ion  of the  f i l l e r  wire 
i n  r e l a t i o n s h i p  t o  the top ;  thereby, pu t t i ng  a l a r g e r  quan t i ty  of molten mass 
and equal iz ing  the  mass r a t h e r  than have the  g r a v i t y  l e t  i t  droop down. 
S o l i d i f i c a t i o n  was f a s t e r  on t h e  top than f o r  the fes t  of the  mass. 
away from a l o t  of the poros i ty  t h a t  you're t ry ing  t o  evaluate.  
I n  automatic TIG welding of hor izonta l  2219 ma te r i a l ,  you d i d n ' t  mention 
This g e t s  
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M r .  Case: I n  t h i s  s tudy,  we introduced the w i r e  from the f r o n t  of 
the puddle, the top of the puddle, and the bottom of the  puddle; a l s o ,  from 
the back of the puddle i n  the same re l a t ionsh ip .  
whether i t  was f r o n t  o r  back. 
the wire w a s  introduced. 
We d idn ' t  see  much change, 
It was. a t  the t o p  por t ion  of the weld where 
M r .  Faulkner: I was very i n t e r e s t e d  i n  the  repair r a t e  t h a t  you have 
there .  
c leaning procedures f o r  the  p l a t e ,  and a l s o  the controll you maintained on 
the dewpoint od gas during the welding program? 
I was  wondering i f  you could review what you c a l l  your standard 
M r .  Case: I w i l l  answer on dewpoint of the gas.  We t r i e d  t o  
maintain the  gas below a minus 65O. This i s  f o r  both the tacking gas and 
the gas f o r  the predominant weld, which i s  put i n  by an automatic welder. 
Most of the  welds a t  Marshall ,  due t o  the s i z e  of the vehic le ,  have t o  be 
cleaned by scraping.  We do t h i s  with a t r i a n g u l a r ,  sharp,  scraping. The 
a rea  t o  be welded i s  scraped t o  a depth of approximately .00.5 of an inch on 
each s i d e  of the three  sur faces  and extend about an inch away from the  
sur faces  t o  be joined.  We have not ,  i n  t h i s  work, gone i n t o  chemical c lean-  
ing f o r  welding. 
a tank. 
It i s  'a l i t t l e  imprac t ica l  t o  put these b ig  vehic les  i n  
M r .  Chyle: M r .  Case, am I r i g h t  i n  assuming t h a t  these defec ts  a r e  
a l l  poros i ty  de fec t s?  Is t h a t  t rue3 
M r .  Case: This i s  t r u e .  I n  t h i s  a l l o y ,  t o  da t e ,  except for, ,puddle 
cracks which occasiona1,ly occur, I have not discovered cracking. 
M r .  Chyle: Again, i n  the i n t e r e s t  of saving time, 1 ,wish  t o  thank 
M r .  Case f o r  t h i s  very w e l l  prepared and informative paper. 
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INTRODUCTION 
The Large Space Vehicle Programs of LMSC, Sunnyvale, i s  privil'eged 
t o  conduct a s e r i e s  of aluminum welding inves t iga t ions  f o r  the Mater ia ls  
Divis ion of R-P ti VE. 
s igni f icance  of hea t  t r a n s f e r  during the welding of hea t  t r e a t a b l e  aluminum 
a l loys ,  and the r e s a l t i n g  degradation of engineering p rope r t i e s .  The 
inves t iga t ion  t o  .be discussed today was formulated t o  determine and 
analyze the inf luence of the major welding va r i ab le s  on the hea t  t r ans fe r  
c h a r a c t e r i s t i c s  of 2219-T87 aluminum a l l o y  p l a t e ,  
We i n  the  welding' f i e l d  a r e  w e l l  aware of the  
This i nves t iga t ion ,  d i r ec t ed  by LSVP Engineering, analyzes the  
e f f e c t  of t r a v e l  speed, amperage, p l a t s  width, backing geometry, back- 
ing  mass,,and clamping pressure on the hea t  t r a n s f e r  c h a r a c t e r i s t i c s .  
The program is  cu r ren t ly  i n  work and t h i s  presenta t ion  includes the r e s u l t s  
t o  date .  
t ransmit ted t o  MSFC following completion of the program. 
A f i n a l  engineering r epor t  w i l l  be prepared and copies w i l l  be 
Test Procedure - General 
The welding program i s  being conducted wi,th a Sciaky Zero Error  
power supply u t i l i z i n g  the d i r e c t  cu r ren t - s t r a igh t  p o l a r i t y  gas tungsten 
a r c  process.  The 
welds a r e  v e r t i c a l  bead-through-plate located on the p l a t e  c e n t e r l i n e .  
The temperature of the  p l a t e s  i s  obtained by temperature s e n s i t i v e  
lacquer (300°F, 500°F and 700°F) and an a r ray  of thermocouples i n  
conjunction with a mult i lchannel  recorder .  
monitored by an 8 channel Brush recorder .  
two separa te  phases: 
backing too l s  of varying design. 
The t e s t  p l a t e s  a r e  3/8 inch 2219-T87 aluminum a l loy .  
The welding parameters a r e  
The program i s  being conducted i n  
Phase I without supplementary cool ing,  and Phase I1 with 
Phase I Procedure 
This phase of the program u t i l i z e s  p l a t e  widths of 7%, 15 and 
22% inches (20t,  40 t  and 60t )  a t  t r a v e l  speeds of 4 ,  6 and 8 inches per minute. 
The p l a t e s  a r e  he ld  i n  the  v e r t i c a l  pos i t i on  a t  each end t o  e l imina te  hea t  
t r ans fe r  t o  assoc ia ted  too l ing .  -The test setup and concommitant recording 
equipment a r e  shown i n  Figure 1. The temperature s e n s i t i v e  lacquers a r e  
appl ied t o  the root  s i d e ,  ad jacent  t o  the  thermocouple a r ray ,  a s  shown i n  Figure 
2.  Color motion p i c tu re s  a r e  obtained of the lacquers  during welding. 
The welding parameters a r e  maintained cons tan t ,  except cu r ren t ,  
which is  191 amperes a t  4 ipm t r a v e l ,  212 amperes a t  6 ipm, and 232 
amperes a t  8 ipm. 
weld t r a v e l  speed. 
t o  obta in  the d is tance  from the weld c e n t e r l i n e  a t  which the lacquers  melted. 
The temperature data  obtained from the lacquers a r e  co r re l a t ed  with the da ta  
from the thermocouple recordings.  
The wire feed r a t e  i s  4 inches of wire per inch of 
Af te r  welding the tes t  p l a t e s ,  measurements a r e  taken 
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Phase I Results 
The influence of plate width and travel speed on the heat transfer 
characteristics is shown graphically in Figures 3 and 4. 
demonstrates that the higher temperatures 
values, as influenced by travel speed, are shown in Figure 5 .  The 
data were obtained from the 15 inch and 22% inch plates, and disclosed, 
as expected, that the hardness values did not vary on these two plate 
widths. The extent of property degradation, as determined by hard- 
ness, is significantly influenced by travel speed. Mechanical testing 
of tensile specimens from the 15 inch and 22% inch plates welded at 
the three travel speeds revealed the following: 
This data 
re not significantly 
influenced by travel speed on the wider p P ates. The macro-hardness 
Avg ultimate 39,050 Range 38,500 - 40,300 psi 
Avg yield 20,900 Range 20,200 - 22,100 psi 
Percent Elong. (2 inch) 6.1 Range 5eO - 7.0 
The 15 and 22% inch wide plates exhibited a uniform bead profile at 
all travel speeds, while the 7% inch plates were characterized by 
excessive root bead width at all travel speeds, indicative of high 
welding current. The results also demonstrated that the welding 
current is linear with respect to travel speed in the absence of 
supplemental cooling. 
Phase I1 Procedure 
The welding for Phase I1 is limited to two travel speeds ( 4  & 8 ipm) 
and two plate widths, 7% and 15 inches. 
copper hold downs with 304 CRES and with high conductivity copper 
backing. 
able geometry, permitting a change in  mass (3/8 x 1 and 3/4 x 1) and 
spacing (3/8 and 3/4). 
constant shoe spacing of 1-1/16, was determined at 30 and 60 psig. 
The weld tooling utilizes 
(See Figure 6.) The backing bars are fabricated with adjust- 
The effect of hold down shoe pressure, at 
The temperature sensitive lacquer is applted to the face side 
of the plates, behind the hold down shoes to eliminate any influence 
on heat transfer to the shoes. The backing bars &re drilled to permit 
the mounting of the contact thermocouples at specified intervals 
from the weld centerline. Weld procedures were established for 
each travel speed, tooling material, and tooling geometry. Arc 
voltage, gas flow rate and the wire feed travel speed ratio were 
maintained constant. 
of weld bead profile under all welding conditions. 
The weld procedure objective was uniformity 
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Phase I1 Results 
CRES Backing 
To date, the results of Phase I1 reveal some interesting data 
regarding backing material andlgeometry. At a travel speed of 8 ipm 
with 318 inch wide CRES backing bars, increasing the bar spacing 
from 318 inch to 314 inch had no effect on the extent of the 300'F 
and 500°F temperatures. The required welding current was 10 percent 
less for the wider spacing, 
backing from 318 inch to 314 inch, with a constant 318 inch spacing, 
did effect the extent of the 500°F temperature rise at both welding 
speeds. This effect is shown in Figure 7. This change in backing 
geometry did not result in a change in the required welding current. 
However, increasing the width of the CRES 
The backing geometry also was shown to exhibit a greater heat 
transfer influence at the lower welding speed. The results also 
indicate that increasing the hold down shoe pressure from 30 to 60 
psig did not exert a discernible effect on the weld bead profile or 
heat transfer pattern with CRES backing. 
Copper Backinq 
The effect of copper backing gap and width on the heat transfer 
characteristics is shown graphically in Figure 8. A s  with CRES 
backing, the 314 inch spacing required approximately 10 percent less 
current than the 318 inch spacing. However, the heat transfer charac- 
teristics were significantly influenced by the backing groove width, 
although not as may have been anticipated. 
groove width from 318 inch to 314 inch resulted in over a 10 percent 
reduction in the distance of the 300'F temperature from the weld 
centerline. More important, the distance the 500'F temperature 
extended into the base metal was reduced by approximately 25 percent. 
Duplicate tests are currently in work to verify these results. 
Increasing the backing 
Figure 8 also illustrates the influence of travel speed as the 
backing width is increased and the groove width is maintained constant. 
The data illustrates that the travel speed is less critical with 
copper backing. The effect of hold down shoe pressure was disclosed 
to exert a slight influence on heat transfer and, subsequently, the 
weld bead profild. 
The influence of copper and CRES backing, 314 inch bars at 318 
inch spacing', at two welding speeds i s  presented graphically on the 
left side of Figure 9. The data shows that both materials, at this 
backing geometry, resulted in uniform heat transfer at both travel 
speeds, with the copper restricting the heat flow through the base 
metal by approximately 15 percent. 
The graph on the right side of Figure 9 shows the welding current 
as a function of travel speed and tooling (314 bars, 318 spacing). 
The present data indicates that the welding current is more sensitive 
to travel speed with CRES backing than with copper or no backing. 
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Figure 10 compares the effect of copper and CRES backing geometry 
on the 500'F temperature rise at two welding speeds, 
purposes, the graphs include the results of the same welding speeds 
without backing. The graphs illustrate that increasing the backing 
width, with a constant 318 inch spacing, significantly reduces the .heat 
transfer to the base metal with both copper and CRES backing, 
For comparative 
A comparison of the hardness values as influenced by the tooling 
material and travel speed is shown in Figure 11; This data indicates 
that the extent of property degradation of the base metal is not 
significantly affected by the backing material at the higher travel 
speed. The data also indicates that, as expected, the copper backing 
material is superior to CRES in reducing the heat affect9d zone at 
both travel speeds. 
Figure 12 shows a comparison .of the hardness values as influenced 
by weld backing at a welding speed of 4 ipm. 
the weld fusion zone is significantly increased by the use of weld 
backing ' 
The hardness outside of 
Figure 13 presents a hardness comparison at 8 ipm welding speed. 
Again, the hardness outside the fusion zone is significantly higher 
with weld backing. 
From the preliminary data and results of this program to date, 
the following conclusions can be made: 
1. Heat transfer into the base metal is significantly reduced 
by increasing the welding speed. 
2, A total plate width of 20 times plate thickness is not 
sufficient for establishing relevant welding data, without 
tooling, to be applied to larger weldment widths. 
Increasing the groove width of stainless steel bkcking does 
not appreciably affect the heat transfer profile. However, 
increasing the backing width does reduce the heat transfer 
characteristics, , 
The heat transfer profile is appreciab,Ly affected by varying 
the groove width and mass (width) of copper backing, 
3. 
4 .  
5, The welding amperage is cons.iderably higher for copper backing, 
though not greatly affected by changes in travel speed. The 
amperage variation with respect to welding speed is more 
critical with stainless steel backing. 
6 .  The heat transfer and weld bead profiles do not appear to be 
significantly affected by variation of clamping pressure with 
copper and stainless steel backing, 
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DISCUSSION 
Mr. Chyle: Are there any questions? Yes, Mr. Saperstein? 
Mr,. Saperstein: In some work we found heat-affected zone 
failures, and this was certainly not too comnon, the failures occurred 
very close to the fusion line. It seemed, in many cases, at least to 
occur in this region partially because of resolution, in this caseg of 
2219. , A similar reaction occurs in 2014, a resolution of the precipitated 
phase; hence, a very substantial softening in the region adjacent to 
the fusion line where the temperature exceeds 700°F, probably temperatures 
up above 850°F, very close to the melting point. I wondered if you looked 
at the time-temperature relationship above 700°? 
Mr. Cline: We found that our original thermocouple instrumentation 
array was not close enough to the weld bead. SO, some holes were drilled 
through our vacuum bars to get the thermocouples much closer to the 
weld center line, and in the final analysis, when this work is completed. 
and transmitted to Marshall, the document will contain the heat transfer 
and the heat time-temperature relationships very close to the weld zone. 
Mr. Wuenscher: Will you repeat once more which gage you used? 
Mr. Cline: We welded .375 inch. 
Mr. Chyle: I noted from one of your slides that as your speed 
increased, your amperage went up, 
changing the parameters of the welding conditions? 
Did this amperage go up without 
Mr. Cline: We maintained arc voltage constant; we maintained 
wire feed rate constant, and everything was maintained constant within 
very close conditions during the entire welding program. 
Mr. Chyle: And yet you had to increase current? 
Mr. Cline: We had to increase current with a corresponding increase 
in travel speed or tooling change. 
Mr. Chyle: Using a constant potential power source? 
Mr. Cline: Using a direct current, straight polarity, constant 
current power source e 
Miss Brennecke: In order to maintain the same area of melt when 
going faster, didnft.you have to put in more heat? 
Mr. Cline: On a plate width of 7% inches, we had too much heat. 
Our weld-bead profile was not consistent with that which w6 desired. 
Miss Brennecke: You were aiming for a constant profile? 
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Mr, Cline: It was constant as the plate width was increased to 
The conclusion is that with 15 and 22% inches which is 4 OT and 6 OT. 
tooling, a plate thickness-to-width ratio of 2 OT is inadequate. 
Miss Brennecke: There was a lag in reaction time, I would assume, 
with the lacquer, so that actually where-the lacquer was melting had the 
material been at a higher temperature? 
Mr. Cline: It might have been at a higher temperature, but our 
thermocouples are drilled and swaged right near the surface, also, in 
many cases, we<were measuring surface temperature. 
Miss Brennecke: I am wondering how much correlation there was 
between the thermocouple measurements and. the reaction from the lacquer. 
In other words, how many tests would you be willing to run now with 
lacquer and without thermocouples? 
Mr. Cline: I would be willing to run a great number because I've 
found that the specifications of the lacquer manufacturers of 5 1 percent 
are quite accurate. 
Mr. Chyle: Are there any other questions? Yes? 
Question: Just one additional question. I wonder if you measured 
the difference in temperature between the top and bottom surfaces? 
Mr. Cline: No, we did not. With the tooling, it was difficult 
because we had the clamping shoes on one side and the backing material 
on the other side. We have not attempted to measure the temperature 
difference between the face side of the plate and the root side of the 
plate. However, we know there must be some temperature difference. 
MP. Chyle: Mr. Cline, we will have to close this discussion, 
and we want to thank you for a very fine paper. 
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IN3XODUCTION 
The strangth-to-weight r a t i o s  of high s t r eng th  aluminum a l l o y s  
make them a t t r a c t i v e  f o r  s t r u c t u r a l  appl ica t ions  i n  space vehic les .  Weld- 
a b i l i t y  problems inherent  i n  a number of these a l l o y s  l l m i t  
Research programs, have ind ica ted  t h a t  2219-T87 has e x i e l l e n t  weldabi l i ty  . 
This a l l o y  i s  being used i n  severa l  space programs. 
t h e i r  use. 
The reduct ion of the load car ry ing  capac i ty  of 2219-T87 upon welding 
r e s u l t s  from the lower s t r eng th  of the weld depos i t  and the  hea t  a f f ec t ed  
base metal. 
nients have, been evaluated a t  Southwest Research I n s t i t u t e .  
the  s t r a i n  d i s t r i b u t i o n  which occurs wi th in  the 2 inch gauge length f r e -  
quent ly  used f o r  e longat ion  measurements has been s tudied .  
d i s t r i b u t i o n s  a t  the  y i e l d  s t rength  (0.2 percent o f f s e t )  and u l t imate  t e n s i l e  
s t r eng th  stress l e v e l s  have been determined. 
'@e mechanical proper t ies  of 3/4 inch th i ck  2219-T87 weld- 
I n  p a r t i c u l a r ,  
The s t r a i n  
Frac ture  sur faces  of these weldments were examined me ta l lu rg ica l ly  
and by the  e l ec t ron  f rac tographic  technique t o  study f a i l u r e  mechanisms. 
Both un iax ia l  t e n s i l e  tes t  specimens and b i a x i a l l y  loaded 3/4 inch th ick  
welded panels displayed s imi l a r  f a i l u r e  mechanisms. 
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All specimens used in the study were from 3/4 inch thick 2219-T87 
aluminum welded panels, 
two 8 x 24 inch plates in the horizontal position. 
automatically by the Tungsten Inert Gas Process using a Linde HWM-2 
mechanized contour welder. 
a single pass deposited from each side. 
schematically in Figure 1. Welding parameters were as follows: 
These panels were fabricated by butt-welding 
Welding was carried out 
A square-butt weld preparation was used with 
The welding operation is shown 
h P S  380 
Volts 11.5 
Carriage Travel Speed 7 ipm 
Cold Wire Feed 9 ipm 
Gas Flow (Helium) 60 cfh 
Filler Metal 
Electrode Tungsten (thoriated) 5/32 inch 
3/64 inch diameter 2319 
diameter 
\ 
Bottom Toe 
Figure 1. Schematic of Tungsten Inert Gas, Horizontal Welding of 314 Inch, 
2219-T87 Aluminum Panels 
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A typical weld cross section is shown in Figure 2. The second 
pass deposited is seen to overlap part of the first pass. 
first and second weld passes are also indicated in Figure 2, 
Toes of the 
Top T 
First 
Weld 
Pass 
Bottor 
Toe 
Top Toe 
Second Weld 
Pass 
Bottom Toe 
8 Transition 2 one 
Et c hant - Keller ' s 3x 
Figure 2. Typical Cross Section of a Two Weld Pass Square Butt 2219-T87, 
3 / 4  Inch Thich Weldment 
The uniaxial tensile specimen shown in Figure 3 was used to de- 
termine the mechanical properties and to evaluate the strain distribution 
of the weldments." This specimen was designed to test the transverse 
properties of the weld with the weld crowns intact, The joint efficiency 
for these weldments as determined using this specimen design was approx- 
imately 62 percent. 
Miniature strain gages were mounted in the weld metal and in two 
locations of the heat affected base metal of uniaxial tensile specimens. 
One gage was mounted 1/32 inch from the 
of two areas approximately 1/16 inch wi 
eld fusion line. This was in one 
immediately adjacent to the 
zones. The extent 
strain gage in the 
weld fusion line, 
3,  
These regions are hereafter referred to as the transition 
of a transition zone is shown in Figure 2, 
heat affected base metal was mounted 1/2 inch from the 
Locations of the three strain gages are shown in Figure 
The other 
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Stress-strain curves for each of th’ese discrete locations were 
These curves and the 2 inch plotted from miniature strain gage data. 
gage length extensometer stress-strain curve are compared in Figure 4, 
The large variation in the load, carrying capacity of the different regions 
of the weld zone is indicated by the shape of the curve 
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Figure 4. Typical Stress, Strain Curves of Weld Deposit Transition Zone 
and Heat Affected Base Metal (1/2 Inch Form Weld Fusion Line) 
of a 2219-T87 Welded Joint. Derived,from Miniature Strain 
Gage Data 
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Using these curves, the 0.2 percent offset yield strength was 
determined for the strain gage locations and the overall 2 inch gage 
length. 
specimens were averaged and compared with the 0.2 percent yield strength 
of 3/4 inch thick 2219 plate in the T87 condition (54,980 psi, average of 
six specimens). The results were as follows: 
Sets of 0.2 percent yield strength values from three tensile 
2219-T87 Plate 100 Percent 
Heat Affected Base Metal 
(1/2 Inch From Fusion Line) 66 Percent 
Transition Zone 32 Percent 
Weld Metal 29 Percent 
Overall 2 Inch Gage Length 42 Percent 
These comparative values indicate the extent to which the lower 
strength of the weld metal and the transition zone contribute to the 
reduced yield strength of 2219-T87 weldments. 
Weld Zone Strain Distribution From Simultaneous Stress-Strain Curves 
The simultaneous stress-strain curves shown in Figure 4 illustrate 
the reaction to tensile loading of the individual components (weld metal, 
transition zone and heat affected base metal) which comprise the 2 inch 
gauge length. Table 1 tabulates the strain values fdr these components 
at four stress levels ranging from 15,000 to 24,000 psi (0.2 percent 
yield strength from 2 inch extensometer was 21,700 psi), 
contribution of each component to the overall increase in length which was 
measured by the extensometer at each stress level is also given’in Table I, 
The stress-strain curves shown in Figure 4 illustrate the successive 
plastic yielding which occurs initially in the weld metal, then in the 
tion zone and finally in the heat affected base metal as the applied stress 
exceeds their respective yield strengths. Table I ~hows that the contribu- 
tion of the weld metal and the transition zone to the overall increase in 
length of the 2 inch gauge section doubled as the applied stress increased 
,from 15,000 to 24,000 psi, 
The percentage 
transi- 
Weld Zone Plastic Strain Distribution At Ultimate Tensile Stress 
The strain distribution across the weld zone determined from 
simultaneous stress-strain curves represents the combined elastic? and 
plastic strains which result from a given stress. As the magnitude of the 
applied stress qproaches the ultimate tensile strength of the weldment, 
the resulting strains become predominantly plastic in the weld metal and 
in the transition zone. However, the plastic component of the total strain 
of the heat affected base metal a t  the ultimate stress level is a function 
of the extent of aging effects which have occurred during welding. The 
plastic strain component can be expected to be large immediately adjacent 
to the transition zone and decrease rapidly to a lower magnitude at the 
outer limit of the 2 inch gauge section. Failure will occur when the 
applied stress level reaches the ultimate strength of the weldment. 
failure, the elastic component of the total strain will no longer exist. 
the other hand, the plastic components of the total strain which existed 
in each zone immediately prior to failure produced permanent changes in 
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the dimensions of these zones, 
existed in the weldment at the ultimate stress level can be determined by 
measuring the width of each zone before and after testing, 
Thus the plastic strain distribution which 
Prior to testing, the tensile specimens were etehed to identify the 
weld metal and transition zone. hoop hardness indentations were placed 
at the boundaries of the various zones. 
to measure the width of each zone before and after testing. Figure 5 is a 
schematic representation of the zones within the 2 inch gauge length. The 
three surveys made were through the first weld pass, the weld intersection 
and the second weld pass. metal, 
the final width of the weld zone was the sum of the distance from both weld 
fusion lines to their respective fracture edges. 
A travelling microscope was used 
Since failure always occurred in the weld 
The values obtained using this procedure are listed in Table 11, The 
average strain values shayn for the three zones are the plastic strains which 
existed in the weldment when the applied stress reached the ultimate strength, 
These values emphasize the extent t o  which plastic strain is concentrated 
in the weld metal and in the transition zone of 2219-T87 weldmenta. On 
the basis of five specimens surveyed, the average strain values determined 
for the weld metal, transition zone and heat affected base metal were 19.6, 
8.7 and 0.97 percent respectively. 
the weld metal and the transition zone underwent prior to failure are not 
reflected by the percent elongation value (5.9 percent) calculated in the 2 
inch gauge length. 
The gross plastic deformation which 
This is accounted for by two factors. The first factor is the low 
plastic strain value exhibited by the heat affected base metal. The second 
factor is the low width of the weld metal and transition zone as compared 
to the heat affected base metal within the 2 inch gauge length: A more 
meaningful percent elongation value for 2219-T87 weldments would result 
if the overall width of the gauge section was limited to include only the 
weld metal and the transition zone, 
Table I1 also lists values for the.percentage of the total extension 
across the 2 inch gauge length contributed by each zone. The plastic 
deformation-which occurred in the weld metal makes up 57.1 percent of 
the total +crease in length. 
ing value determined from the simultaneous stress-strain curves. The 
values determined for the transition zone contributions by the two methods 
are also in close agreement. 
metal to the overall change in length of the 
after failure is considerably less than the value obtai d at the 0.2 percent 
yield stress level. The smaller value represents,,glast strain only while 
the larger valve at yield stresses represents both-plastic & elastic strains. 
This compares favorably with the correspond- 
The contribution of the heat affected base 
inch gauge section determined 
The low average strain of the heat affected base metal in Table I1 
is not an indication of low ductility. 
has higher strength than the weld metal and transition zone and was not 
highly stressed above its yield point. 
It i8 an indication that this region 
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Transition Zone 
First Pass 
(Weld Metal) 
Transition Z oqe 
Figure 5 .  Schematic of Surveys on the  Reduced Section of a Tensi le  Sample t o  
Measure S t r a i n  i n  Various Zones 
Fa i lu re  vechanism In 2219-T87 Aluminum Weldments 
Frac ture  i n i t i a t i o n  f o r  a series of 40 t e n s i l e  specimens always 
occurred i n  t h e  f i r s t  weld pass. 
t he  f a t l e d  t e n s i l e  specimens together .  
first weld pass. 
i n  the  bottom toe and f r ac tu re  was always diagonal ly  through t h e  weld i n  
these  t e n s i l e  specimens. 
Evidence of t h i s  was provided by bu t t ing  
This gap was always 
I n  a l l  cases  a gap was noted i n  the  
A t yp ica l  gap i s  shown i n  Figure 6. 
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Figure 6 .  Appearance of a Typical Gap i n  the  Frac ture  Path of a Broken Tens i le  
Specimen Af te r  Butting the  Fai led Pieces  Together 
The f r a c t u r e  mechanism assoc ia ted  with t h i s  gap caused an apparent 
reduct ion i n  the d u c t i l i t y  and hence i n  the p l a s t i c  s t r a i n  measurements of 
the f i r s t  pass weld metal .  
I n  Table 11 f o r  the weld metal percent cont r ibu t ion  to  the  elongation 
over 2 inches (57.1 percent)  was the average f o r  t he  f i r s t  weld pass,  second 
weld pass and i n t e r s e c t i o n  region of f i v e  specimens, The average corre-  
sponding valuesbased on the ind iv idua l  surveys were a s  follows: 
r cen t  o f  the  elongat ion f o r  the  2 inch gage length occurred 
i n  the f i r s t  weld pass. 
59.2 percent i n  the weld in t e r sec t ion .  
68.3 percent of the ove ra l l  value was contr ibuted by the second 
weld pass. 
The lower s t r a i n  values and the  gap i n  the f i r s t  weld pass were 
a t t r i b u t e d  t o  tke i n i t i a t i o n  and growth o f  a crack proceding the f i n a l  
t e n s i l e  f a i l u r e  e 
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Th"e cause f o r  i n i t i a t i o n  a t  the  bottom toe  of t he  f i r s t  weld pass 
was found t o  be dependent on the  geometrical notch afforded by the weld 
crown and a l s o  t o  the  pr.esence of a me ta l lu rg ica l  notch. ' Both of these  
f a c t o r s  were s tudied  . 
To eva lua te  the  geometrical  notch e f f e c t ,  specimens were t e s t e d  with 
Surveys ac ross  
the weld crown machined f l u s h  with the  weld p l a t e .  
specimens no longer exhib i ted  a gap i n  the  f i r s t  weld pass. 
the  weld zone ind ica t ed  t h a t  the  s t r a i n  i n  the  f i r s t  weld pass had increased  
considerably. Table I11 compares the  weld metal con t r ibu t ion  towards the  
2 inch e longat ion  va lue  i n  t e n s i l e  specimens t e s t e d  wi th  and without weld 
crowns. With the weld crown remerved, t h e  f i r s t  pass weld depos i t  now 
accounted f o r  75.8 percent of the  e longat ion  measurement. Fur ther  ev i -  
dence of crack i n i t i a t i o n  as a r e s u l t  of the  n o t c h - i n  the  toe  of the weld 
crown was provided by depos i t ing  fus ion  passes i n  the  bottom toes  and i n  
a l l  four  toes .  Figure 7 schematically shows the  l o c a t i o n  of these  fus ion  
passes and l i s t s  the'welding parameters. The f r a c t u r e  path through the  
weld va r i ed  i n  these  t e n s i l e  specimens. Furthermore, t he  e longat ion  i n  
the 2 inch gaugeSength increased when the  fus ion  passes were placed i n  
the bottom toes .  
of specimens t e s t ed  with and..9?ithout these  fus ion  passes.  
The*daiLed t e n s i l e  
Table I V  conta ins  a summary of the mechanical p rope r t i e s  
Table 111. Comparison of t he  Percentage of t he  2 lnch Elongation Contributed 
by Weld Metal i n  Tens i le  Specimens With and Without Weld Crowns 
FIRST WELD 
PASS 
WELD 
INTERSECTION 
SECOND WELD 
PASS 
PERCENTAGE OF 2 INCH ELONGATION 
(2 INCH GAUGE LENGTH) CONTRIBUTED 
BY THE WELD METAL 
WELD CROWN ON1 
52.7 
59.3 
68.3 
2 WELD CROWN OFF 
75.8 
57 e9 
70.8 
'.' AVERAGE OF 5 SPECIMENS 
2 AVERAGE OF 3 SPECIMENS 
19.7 
Table FYe Summary Of Average Mechanical Proper t ies  Of 3/4 Inch 
Thick 2219-T87 Aluminum Weldments With And Without 
Fusion Passes I n  The Toes Of Welds., 
Fusion passes 
i n  top toes  of 
we 1 dment 
Fusion passes 
i n  bottom toes  
of weldment 1 
Fusion passes 
i n  top and bottom 
toes  of wel'dment 
Weld crown on 
no fus ion  
passes used2 
Weld crown off 
no fus ion  
passes 'used 
Yield 
Strength 
(0.2 Percent Offse t )  
p s i  
23,080 
22,180 
23,860 
23,080 
23 , 070 
Tensi le  
Strength 
p s i  
41,250 
43 1) 100 
44,170 
43,460 
41,070 
Percent 
E 1 onga t ion  
5.3 
6.7 
5.9 
5.88 
6.00 
Average of 6 specimens 
Average of 5 specimens 
Average of 3 specimens 
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F i r s t  Weid Pass Second W e l d  Pass 
B o t t o m  Toe  
WELDING PARAMETERS F O R  A L L  FUSION PASSES 
Amps  
Volts 
C a r r i a g e  T r a v e l  Speed 
Cold W i r e  F e e d  
G a s  Flow (Hel ium)  
Filler Meta l  
E l e c t r o d e  
160-  
11. 5 
7 ipm 
9 ipm 
60 cfh 
3 /64  inch  d i a m e t e r  23 19 
3 /32  i nch  tho r i a t ed  tungs ten  
Figure 7. Location of Fusion Passes i n  the  Toes of the Weld and 
Their  Welding Parameters I 
The nature  of the meta l lurg ica l  notch was a l s o  inves t iga ted .  
was found t h a t  t he  welding thermal cycle  could produce a high concentrat ion 
of i n t e r m e t a l l i c  cons t i t uen t s  i n  the a rea  of the weld toe.  This i s  i l l u s -  
t r a t e d  i n  Figure 8. C u A l  has a Chinese s c r i p t  appearance and the  needle- 
l i k e  phase i s f i  (AI-Cu-Fef. The b r i t t l e  nature  of these cons t i t uen t s  leads 
t o  premature cracking of the weld toe regions.  
graph i l l u s t r a t i n g  t h i s  condi t ion.  The formation of these cracks was found 
t o  occur between 92 and 97 percent of the u l t imate  t e n s i l e  s t r eng th  (based 
on 3 t e s t s ) .  The f i n a l  f r a c t u r e  i n i t i a t e s  from one of these cracks.  
It 
Figure 9 i s  a photomicro- 
The f r a c t u r e  path was found to  follow the i n t e r m e t a l l i c  cons t i t uen t s .  
Evidence of t h i s  was found by sec t ion ing  f a i l e d  t e n s i l e  specimens. 
the  a reas  where the crack propagates through the weld metal i s  shown i n  
Figure 10. 
cons t i t uen t s  
One of 
The f a i l u r e  path i s  in te rgranular  and through the  i n t e r m e t a l l i c  
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Etchant  - K e l l e r ' s  500X 
Etchant  - K e l l e r ' s  1500X 
Figure 8, Concenrnation of Intermetallic Constituents in The Bottom Toe of a Weld. 
200 
Etchant - Keller's 250 
Etchant - Keller's 500X 
Figure 9, Formation of Cracks in The Intermetallic Constituents in The: 
Bottom Toe of a Weld Stressing 
20 1 
Etchant - Keller's IO00 
fgure 10,Cracks in Weld Deposit of Uniaxial Tensile Specimen After Failure, Note 
That The Cracks Fol%ow The Bath of Intermetallic Constituents 
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Fracture  mechanisms i n  b i a x i a l  t es t  specimens were found t o  be 
s i m i l a r  t o  those observed i n  u n i a x i a l  specimens. The b i a x i a l  specimens 
consis ted of 314 inch t h i c k  welded panels ( 3 2  x 32 inches) t e s t e d  i n  the 
hydraul ic  bulge f i x t u r e  shown i n  Figure 11. This f i x t u r e  c o n s i s t s  of a 
top and bottom d i e  between which the  t es t  panel i s  clamped. Hydraulic 
pressure i s  introduced between the  tes t  panel and the-bottom d i e  forc ing  
the  panel t o  bulge upward i n t o  t h e  c i r c u l a r  opening i n  the  top d i e .  The 
f r a c t u r e  i n  the toe  of t h e  weld of a 314 inch th i ck  b i a x i a l  test  panel i s  
shown i n  Figure 12 .  
Electron fractography was a l s o  employed t o  study f a i l u r e  mechanisms. 
One ind ica t ion  from t h i s  technique was t h a t  d u c t i l e  f a i l u r e  occurred i n  the 
weld metal. These d u c t i l e  regions,  however, were w e l l  removed from the toes .  
This i s  i l l u s t r a t e d  by t h e  fractograph of Figure 1 3 .  Ducti le  dimples a r e  
noted t o  i n i t i a t e  from widely dispersed small p a r t i c l e s  ( indicated by the 
arrows) t h a t  had exhibi ted a b r i t t l e  cleavage f r a c t u r e .  These p a r t i c l e s  
were the same i n t e r m e t a l l i c  compounds noted i n  the  microscopic study of 
t he  weld metal .  The d ispers ion  of the i n t e r m e t a l l i c  p a r t i c l e s  i n  the 
a r e a  shown i n  Figure 13 i s  seve ra l  orders  of magnitude g r e a t e r  than t h a t  
of t he  toe  regions.  
3 / 4  Inch High 
Strength Bolts  
Top D i e  
Tes t  Panel 
Bottom Die 
Figure 11,Cross Section of The Hydraulic Bulge Test F ix ture  
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Figure 12,Fracture i n  a 314 Inch Thick Welded 2219-T87 Panel After  Bulge Testing 
20 4 
Two-Skage PJasBic -c eplica 6OOOX 
Figure 13, Electron Fractograph Showing Ductile Dimple Fracture in 
The Weld Metal, 
Intermetallic Precipitate 
Arrows, Indicate Origin of Dimples at 
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Conclusions 
The conclusions which may be drawn from the work reported a r e  the 
following: 
1. Because of the low weld depos i t  s t r eng th ,  s t r a i n  i s  concen- 
t r a t e d  i n  the  weld metal and weld t r a n s i t i o n  region. 
2. As a r e s u l t  of t h i s  f a c t  y i e ld  s t r eng th  measured a t  a t o t a l  
s t r a i n  of 0.2 percent o f f s e t  i n  a 2 inch gage length can be 
expected t o  be considerably higher than t h a t  required t o  pro- 
duce gross  p l a s t i c  deformation i n  the weld region. 
3.  Yield s t r eng th  to  be used i n  design should be measured with an 
extensometer equal t o  the width of the weld or  with a s t r a i n  
gage mounted i n  the weld metal. 
4 .  The weld crown cont r ibu tes  t o  the s t r eng th  of the weldment but  
i n t e n s i f i e s  the s t r a i n  a t  the toe of the  crown. Removal of the 
weld crown r e s u l t s  5n improved d u c t i l i t y  and lower s t rength .  
5. The meta l lurg ica l  condi t ion a t  the bottom toe of the weld i s  
responsible  f o r  i n i t i a t i n g  f a i l u r e .  The inf luence of i n t e r -  
me ta l l i c  phases on d u c t i l i t y  was e s t ab l i shed  by placing fusion 
passes along each weld toe.  Thus the geometrical  s t r e s s  con- 
cen t r a t ion  was maintained but  the meta l lurg ica l  condi t ion  was 
removed. This r e su l t ed  i n  increased d u c t i l i t y .  
6 .  Biaxia l  tests indica ted  i n t e r e s t i n g  crack propagation e f f e c t s .  
This test w i l l  be employed i n  fu tu re  s t u d i e s  t o  determine the 
r e l a t i v e  inf luence of mater ia l s  and welding parameters on.we1.d 
performance. 
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DIS cus s I O N  
M r  (I Chyle : Who has a quest ion? 
Quest ion:  Has any work been done on longi tudina l  specimens? 
M r .  Lenamond: No,  we have not looked a t  longi tudina l  specimens, and 1 
don'.t know t h a t  w e  w i l l  be looking a t  longi tudina l  specimens, j u s t  t ransverse .  
Miss Brennecke: Is there  any r e l a t i o n  between proper t ies  and the 
length of your weld i n  the  t ransverse specimen - a c t u a l l y  the  width of the 
specimen - versus the  thickness? You had a r a t i o  of 1 t o  3 (3; inch sl ice i n  
3/4 inch th ickness) .  How would your proper t ies  d i f f e r  i f  you had a longer 
length of weld i n  the specimen, f o r  instance,  a 1% inch wide specimen 
r e s u l t i n g  i n  a 2 t o  1 r a t i o ?  
i n  s t r eng th  with width of specimen. Our specimens were s l i c e s  1 /8 ,  1/4, and 
1 / 2  inch wide and as the width of the specimen increased,  the s t r eng th  in-  
creased. L e t  me s a y ,  w e  used these narrow specimens because the  width of our 
welded block was only 6 inches,  so we were r a t h e r  l imi ted  i n  the type  of spec i -  
men we could take.  There, i n  EB w e l d s ,  a r e l a t i o n  was es tab l i shed  between the  
width of the specimen and the proper t ies  developed. Now, f o r  your TIG welds 
here ,  I am wondering what r e l a t i o n  might e x i s t  and a l s o  how the  specimen width- 
to- thickness  r a t i o  might a f f e c t  the loca t ion  of your f a i l u r e ?  
slices, we had f a i l u r e  diagonally across  the weld similar to  your TIG. 
on when we had wider specimens---it was p a r t i c u l a r l y  not iceable  i n  the  2 318 
inch thickness---our f a i l u r e s  occurred i n  the i n t e r f a c e  r a t h e r  than diagonal ly  
across  the weld. So, there  would be a d i f f e rence  i n  the d i s t r i b u t i o n  of the  
s t r a i n s  with specimen geometry, wouldn't t he re?  
We had i n  e l ec t ron  beam welds q u i t e  a v a r i a t i o n  
I n  our EB 
Later  
M r .  Lenamond: Yes, there  d e f i n i t e l y  would be a d i f fe rence  i n  the 
d i s t r i b u t i o n ,  although, I think the  magnitude would tend to  follow j u s t  what 
we've shown here.  
the  fus ion  zone, ahd the hea t -a f fec ted  base metal, I t h i n k  the  magnitude would 
hold t r u e  there  
Even though these things would vary i n  the  weld depos i t ,  
M r ,  Monroe: I think t h a t  what Hap was saying here  i s  very important.  
The t e s t  specimen geometry c e r t a i n l y  has a b ig  e f f e c t  on the s t r eng th  and 
elongat ion t h a t  you get .  Along t h a t  l i n e ,  d id  you make any comparison, c o l l e c t  
da ta  from your bulge t e s t ,  e i t h e r  e longat ion o r  some type of s t r eng th  calcu- 
1 a t i o n . t h a t  you could r e l a t e  t o  your uniax ia l  da t a?  
M r .  Lenamond: I might mention t h i s .  We spent a considerable amount of 
t i m e  i n  looking a t  the u l t imate  s t rength  proper t ies  and the y i e l d  s t rength  
proper t ies  'of the bulge t e s t s ,  and we were not ab le  t o  def ine  the u l t imate  
s t r eng th  of the bulge tes t . ,  However, we did look a t  t he  y i e ld  s t r eng th  q u i t e  
heavi ly .  The da ta  has been reduced, but we are not, exac t ly  content  with what 
we found. We d o n ' t  have enough da ta  t o  c o r r e l a t e  ghis with the uniax ia l  ten- 
s i l e  specimens. I might mention here ,  our ob jec t ive  was t o  compare one type 
of j o i n t  conf igura t ion  with the o the r  on a maximum load type  b a s i s ,  
necessar i ly  on the  mechanical proper t ies ,  although we did look a t  the mechani- 
c a l  p roper t ies  
Not 
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M r  e Chyle : You mentioned a Tukon hardness t e s t  e Was t h i s  micro-hardness 
t e s t i n g ?  
M r  e Lenamond : Micro-hardness tes t ,  yes e 
M r .  Chyle: A r e  t he re  any o the r  questions.? Well, i n  behalf of our 
audience here ,  we'want t o  thank you f o r  a very f i n e  p re sen ta t ion ;  the audience 
has also been very p a t i e n t .  We had a very streneous program. We had seven 
speakers, and I ' m  sure  you're ready now f o r  a good meal. I'll t u r n  i t  over 
t o  M r .  O r r .  
M r .  O r r :  This i s  going to be my s h o r t e s t  announcement. L e t ' s  e a t .  
The buses a r e  outs ide .  
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F I L L E R  WIRE COMPARISON O F  2 0 1 4 - T 6  
WELDED WITH 716 AND 4043 F I L L E R  WIRES 
J. G. Maciora 
and 
W. R. Hutchinson 
"HE MARTIN COMPANY 
ORLANDO, FLORIDA 
20 9 
ABS TRACT 
Over 500 specimens were prepared and tested to evaluate weldability, 
tensile strength, ductility and corrosibn resistance of weldments. made with 716 
and 4043 filler materials. Superior results were obtained with 716 filler 
material with a slight decrease in ductility. Both filler materials met 
ABM-R-27A radiographic requirements for Army Ordnance Ballistic Missile 
applications. Weldments made with 716 were as high as 12 percent stronger; 
crack sensitivity slightly superior; and corrosion resistance adequate in 
both instances. Continued use of 716 filler material is recommended for 
Pershing Missile applications with 4043 as a second choice. 
INTRODUCTION 
During the transition period of the Pershing missile from its R & D to its 
industrial production concept, Martin-Orlando proposed,,and the Army Ballistic 
Missile Agency approved,a design change from riveting to automatic precision 
fusion welding of the 1st and 2nd stage aft skirts (2014-T6 aluminum alloy .090- 
.112 inch thick) and the guidance and control base and cover assemblies (.063 
inch thick). 
It required the use of FS-RAL-716 filler wire for the welding of the 2014-T6 
aluminum alloy sheet and forged-ring assemblies. 
The ABMA-PD-W-45W welding specification was designated as applicable. 
To further insure excellent welding reliability, ABMA designated Class 11, 
or better, radiographic requirements, as listed in ABM-PD-R-27A. During 
initial welding some difficulty was experienced with porosity to meet these 
requirements with assemblies fabricated with the help of commercially available 
716 filler wires. To eliminate this difficulty, one of the major causes was 
eliminated by procuring shaved 716 filler wire. This approach improved the 
radiographic quality of the welded assemblies. 
on special order, removed surface impurities which would result in weldment 
porosity, 
rework which decreased the mechanical properties of the assemblies. 
The filler wire, avail'able only 
Shaved filler wire appreciably reduced porosity and resultant costly 
ABMA was requested to permit the use of commercially available high- 
quality 4043 filler wire (Reference 2-7). Considerable research and development 
in welding the 2014-T6 aluminum alloy with the help of this filler wire had 
been done by Martin-Baltimore on the Titan missile program (Referencei). A 
poor quality shipment of the 716 filler wire could seriously affect production 
schedules since only one vendor can supply it to desired quality standards. A 
second source supplier is highly desirable to prevent procurement difficulties. 
Efforts have been made to secure a second source for the 716 shaved filler 
wire. However, no vendor will accept orders for less than 1,000 lbs. and 
still the quality of the wire would be questionable. 
A formal proposal for filler wire evaluation was submitted to ABMA 
by Martin-Orlando in July, 1961 (Reference 8 ) .  This proposal was approved by 
ABMA in August, 1961 (Reference 9). 
The objectives of this investigation were to: 
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(a) compile da ta  on the FS-RAL-43 f i l l e r  wire;  
(b) determine under production condi t ions , the c l ean l ines s  of f i l l e r  
w i r e s  concerned, 'and the reduct ion of inc lus ions  and rework; 
(c) recommend a f i l l e r  wire ,  o r  wires, t h a t  would produce h igh-qual i ty  
Pershing weldments with exce l l en t  r e l i a b i l i t y  a t  minimum c o s t ;  
(d) determine the crack s u s c e p t i b i l i t y  of the f i l l e r  wires .  
DESCRIPTION OF WORK 
Ma t e r i a  1 s 
The mater ia l s  used i n  the inves t iga t ions  included : 
1 e Alclad aluminum Alloy Sheet,  2014-T6, Spec i f i ca t ion  QQA-225a 
(Federal) 
2. Aluminum Welding F i l l e r  Rod, FS-RAL-716 & 43, Spec i f i ca t ion  QQR-566 
(Federal) 
3. Argon Shielding Gas , Spec i f i ca t ion  MIL-A-4144 (USAF) 
The aluminum a l l o y  shee t  used i n  t h i s  i nves t iga t ion  cons is ted  of var ious 
thicknesses of a l c l a d  2014-T6 mater ia l  t h a t  was so lu t ion  hea t - t rea ted  and 
a r t i f i c a l l y  aged to  meet the requirements of QQ-A-225a. 
The aluminum a l l o y  welding f i l l e r  ma te r i a l s  used t o  weld the tes t  panels 
were drawn t o  the 1/16-inch diameter t o  meet QQ-R-566 requirements. The FS-RAL- 
716 and FS-RAL-43 welding f i l l e r  wires were shaved f r e e  of impur i t ies  p r io r  t o  
the f i n a l  drawing operat ion.  
shiny. A s  a spec ia l  precaution the f i l l e r  mater ia l  w a s  kept c lean  of both d i r t  
and moisture by packaging i n  accordance with m i l i t a r y  requirements. 
chemical requirements of the f i l l e r  mater ia l s  are l i s t e d  i n  Table I. 
Both f i l l e r  wires were m e t a l l i c a l l y  b r igh t  and 
The 
The argon sh ie ld ing  gas used during the welding operat ion was of high- 
pu r i ty  (99.99 percent ) ,  and low dew-point (-1500F) t o  meet the  MIL-A-4144 
requirements. Gas was s to red  i n  a permanent cascade system. 
Spectrographic analyses were made on both the  base-metal and f i l l e r  mate- 
r i a l s  e A l l  analyses were wi th in  the  s p e c i f i c a t i o n  requirements. 
WELDING PROCEDURES 
J o i n t  Preparat ion 
Test Panels 
The t e s t  panels were sheared t ransverse ly  to  the longi tudina l  r o l l i n g  
d i r e c t i o n  of the 4 x 12-foot shee t  material and wiped c l ean  with isopropyl  a lcohol .  
The sheared weld edge was f i l e d  f l a t  with a vixon f i l e  (perpendicular t o  the  surface 
and i t s  edges were s l i g h t l y  "broken" (15') with the same tool .  The t e s t  panels 
211 
were again wiped with a clean paper towel and clean isopropyl alcohol. 
panels were then butted tightly together in a simple straight butt-joint and welded 
in the laboratory stake fixture in accordance with welding parameters in Table 11. 
The test 
Panels 4 inches wide by 12 inches long were made with a single level, 
80' included angle butt-joint with a 1132-inch land, and a .035-inch root 
opening. 
wipe prior to and after beveling. 
sequence fillet-welded to a 3/4 inch grooved aluminum-backing plate. 
Welding edges were cleaned as noted above, using an isopropyl alcohol 
Panels were clamped securely and completely 
Test Panels 
The back-up bars used to weld the .063 and .112-inch sheet test panels 
were made from low-carbon steel with a modified round-bottom groove. 
Reeves Test 
The Reeves test restraining plate had a groove machined 318-inch in 
diameter, .085-inch deep, and 12-inches'long. 
Welding Conditions 
Test Pane 1 s 
Welding prerequisites used to join the test panels,with the exception of 
the Reeves test specimens, were established €or the automatic tungsten-inert-arc 
process. 
as on the G & C assemblies. The .112.-inch thick sheet, duplicating the aft skirt 
assemblies, was welded with an energy-input of 14,700 joules/inch. 
are shown in Table 11. 
The energy-input of 5,700 jouleslinch was used for .063-inch thick material 
The conditions 
Reeves Test 
This test specimen was butted, and the automatic tungsten-inert-arc process 
was used with an energy-input of 14,700 joules/inch which was the same as used for 
the .112-inch sheet material previously mentioned, 
TEST SPECIMEN PREPARATION 
The test panels were first welded in groups of five, with one filler material, 
and then alternated to the other until twenty panels were completed for each type 
of filler wire. 
This was plerformed on .063 and .112-inch thicknesses, duplicating the minimum 
and maximum thickness used on the Pershing production assemblies, 
panels were radiographed and marked as Class I1 or better, of the ABMA-PD-R27A 
specification. 
before they were used to make the test specimens. The only exception was the Reeves 
Next, the test 
The test panels were aged for at least ten days at room temperature 
restrained- test specimen which 
the filler materials. 
The detailed procedures 
specimen were: 
was specially made to check the crack-sensitivity of 
for specimen removal and configuration of the 
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Transverb&-tensile Specimens 
~ _ -  
The t r ansve r se - t ens i l e  specimens were removed t ransverse  t o  the  welding 
d i r e c t i o n  and p a r a l l e l  t o  t h e  d i r e c t i o n  of r o l l i n g  a s  shown i n  Figure 1, The 
dimensions 
START 
of t hese  specimens a r e  given i n  Figure 2 and 3. 
Figure 1. Transverse Welded Tens i le  Specimen Location on 0.063 
and 0.112 Inch Tes t  Panels 
TYPICAL 
750 .002 
c 
Figure 2i e .Reduc&d-sect ion We Aued Tens i le  Specimen ._ 
Figure 13#, .Base Metal Tens i le  Specimen, 
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Base-metal Tensile Specimens 
The location of the base-metal specimen removal location is shown in 
Figures 4 and 5. 
Transverse-bend Specimens 
The locations of the transverse-bena specimens are shown in Figure 6. 
Bend specimens were 8-inches long By 1-inch wide for .063-inch material, and 
1.5-inch wide for the .112-inch thick material. Weld length was 1-inch and 
1.5-inch respectively. 
Longitudinal-bend Specimens 
The longitudinal-bend specimens were removed from the welded panels,as 
described in Figure 7. The dimensions of the specimens were the same as above. 
Weld bead ran the full length of the specimen. 
Reeves Restrained Sheet Crack-sensitivity Specimens 
The' test panels were prepared, as previously mentioned under joint 
preparation, butted, and clamped to a 3/4-inch thick restraining plate. 
butted sheets were then sequence-fillet welded to the 3/4-inch thick restrain- 
ing plate and allowed to cool down to room temperature. 
was then ready for the actual weld test. This test spe'cimen is shown in 
Figure 8. 
The 
The restrained plate 
Naval Reserach Laboratory Sheet Bulge Specimen 
These bulge specimens were cut from the start, center and end of the 
butt-welded panels. 
from which they were removed. 
Figure 9 shows the locations of the specimens and the areas 
TESTING METHODS 
In order to fully evaluate the advantages and disadvantages of the 716 
filler material over the 4043 filler material, it was necessary to determine 
the tensile stresses, yield stresses, and elongation by testing transverse- 
tensile 'specimens. 
longitudinal-bend specimens, the Reeves restrained sheet crack-sensitivity test 
as well as the Naval Research Laboratory sheet bulge specimens. The testing 
procedures for each type of specimen used in this investigation are described 
below e 
Transverse -tens i le Te s t s 
Further evaluation was made by testing transverse and 
The Weidman-Baldwin 60,000 lba universal testing machine was used. For 
The maximum loading rate was 0,005- 
Extensometer was removed and 
room temperature testing, the 12,000 lbs scale was used. Tepsile specimens 
were loaded with the help of center pins. 
inch per-inch-per-minute, for all specimens with one exception. Room temperature 
tests were stopped at the yield strength. 
balance of the test pulled at a rate not to exceed 0.05-inch per-inch-per- 
minute. For elevated temperature testing at 600°F, the 2,400 lbs scale was 
used. Loading rate was the same as used in room temperature testing. 
the 600°F temperature, quartz heating lamps were used in a clam-shell oven, 
To obtain 
The 
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START 
Figure 4. 0.063-inch Base Metal Specimen Location 
START 
Figure 5 .  0.112-inch Base Metal Specimen Location 
Figure.6. Transverse-bend Specimen Location i n  0.063 and 0.112 
START 
0 .5  
Figure 7,. Longitudinal-bend Specimen Location i n  0 ,63  and 0,112 Panels 
Pane 1 s 
2 16 
3/8R-e085 DEEP 
I 
Figure 8. Reeves Restrained Sheet Crack-sensitivity Test Specimen 
START 
Figure 9. Naval Research Laboratory Sheet Butge Specimen Location 
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test specimens we.i-e-’hel$ at this level for 2 minutes, 
controlled to within *5 F with the aid of an Iron-Constantin thermocouple spot- 
welded to each specimen at the center of the gage length. 
The reduced section was 
Transverse and Longitudinal Free-Bend Tests 
The initial bending of these specimens was qccomplished by using a double 
1/2-inch radiused plunger which straddled the weld 4on either side by 3/4-inch. 
After the initial bends, the test specimen was placed as a strut in a vise and 
bent until failure was noticed in the outside bent surface, or until the 
speciman was bent double. Both face and root-bends were made. Specimens were 
examined visually for cracks. 
Transverse Guided-bend Tests 
The testing method consisted of bending the specimeh in a bend-jig 
using a 1/2-inch diameter plunger for 0.063-inch material. 
bent with both the face and root in tension. 
tested. 
The specimens were 
No 0.112-inch specimens were 
Corrosion Salt-Spray Test 
A control panel of 0.063-inch thick alclad 2014-T6 sheet materials.and 
panels welded with 716 and 4043 filler materials were subjected to a salt- 
spray corrosive medium according to the procedure outlined in Test Method 811-1, 
Federal Test Method Standard Number 151a. The test panels were supported in 
the salt spray cabinet at a 15’ angle from the vertical and parallel to the 
corrosive medium fog %low. The face of the weld was upward and subjected to 
the full effect of the corrosive medium. The corrosive medium was a 5 percent 
solution of sodium-chloride at 95’F with a humidity control -of 95-98 percent. 
The panels were exposed for 288 hours. After removal the panels were cleaned 
and sectioned for micro-examination for corrosive penetration. 
Reeves Restrained Sheet Crack-sensitivity Test 
This test was performed to evaluate the crack-sensitivity of the two filler 
materials considered. Fillet-welding of the test panels to the restraining 
plate prevents the panels from expanding or contracting during final test butt 
weld operation. 
The restrained plate was positioned for a flat butt-weldment and welded 
with the parameters normally used for production assemblies. 
involved was the filler-material speed which was reduced to produce a slightly 
concave bead to accentuate cracking.* When completed, the weldment was per- 
mitted to cool to room temperature. The test plate was then examined visually 
for cracks. The specimen was carefully removed from the heavy restraining plate 
and radiographed. When radiograms showed no cracks, the section was removed 
from its maximum restrain point( inch from the end), polished on fine 
The only change 
Waximum restraint is obtained as the flat butt-weldment nears completion. 
Usually, cracking will occur if the filler material is sensitive to root-bend 
cracking whicKduplicates actual production applications. 
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emery paper, etched in Keller's etchant, and examined at 50 X to insure that 
micro-cracking was not overlooked. 
Naval Research Laboratory Sheet Bulge Test 
Because of the complexities involved in welding; it is not possible to 
evaluate fully all of the weld-zone regions by conventional crack-propagation 
test techniques. For this reason, the Naval Research Laboratory Sheet Bulge 
Test was chosen for its simplicity and inexpensive features. 
rubber as a non-compressible fluid medium for transmitting the force of an 
impact blow on 6 inch sq specimens. The test is conducted in uniquely 
designed equipment free of complicated fixtures or gripping devices. The 
most significant aspect of this test is that of demonstrating potentially 
weak or brittle failure paths in a welded assembly. They are particularly 
effective in evaluating the heat-affected and fusion zones (Reference 10). 
The impact blow obtained with the 300 lbs weight dropping from an eight-foot 
height, and the open-die used on all specimens duplicate the high stress - rates encountered by the Pershing during field maneuvering. Total loading, in 
all instances, far exceeded anticipated ground handling conditions. The operat 
ing conditions during the drop test involved freezing-temperature at minus 
65O'F, normal-temperature at 78OF, and hot-temperature at plus 160°F. 
The test employs 
DISCUSSION OF RESULTS 
Weld Quality Tests 
For the test panels (0.063-inch and 0.112-inch thick 2014-T6 materials, 
welded with 716 and 4043 filler materials) the radiographic reqults showed that 
the weld metal quality was essentially equal (Table 111). 
examination at 7x- revealed that the 4043 weld metal was cleaner with much less 
microporosity. Typical examples of the microporosity are shown in Figures 10 
and 11. All the test panels met the Class I1 radiographic quality standards, or 
better. The fact that the commercially available vacuum-packed, high-quality, 
shaved 4043 filler material shows less microporosity may be due to lower occluded 
or dissolved gas content due to vacuum packaging. 
Tensile Tests 
However, micrographic 
The transverse-tensile specimens used in the investigation gave the me- 
chanical properties of welds prepared with special high-purity shaved 716 filler 
material, and commercially available and vacuum-packed high-quality shaved 4043 
filler material. These tests were made at room- and elevated- 
(78O and 600°F respectively). 
temperatures 
Based on the average strength obtained for the unwelded sheet, a joint: 
efficiency was calculated for each weld condition. 
percent of the unwelded sheet ultimate and yield strength, is shown in Table IV 
for -063-inch material and in Table V for .112-inch material. 
This value, expressed in 
2 19 
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Table 111. Quality T e s t  Panels f o r  0.063- and 0.112- Inch Thick 
2014-T6 Alclad Aluminum Sheet Material ,  
Total  Number Number Number 
F i l l e r  Number of of of 
Thicknesses, Mater ia l  of Panels Pane 1 s Panels Panels 
inches Used Welded Class I Class 1-11 Class '  I1 
5 0.063 716 40 35 ..-- 
0 e 063 4043 40 33 3 4 
4 0.112 716 20 16 
4 0.112 4043 20 16 -__  
--- 
Table I V .  Weld Strength Expressed As A Prgcent of Sheet Strength 
f o r  .063-Inch Material .  
Cond 
F i l l e r  of Temp FTU % FTY % 
Material  Bead - OF Of Sheet S t r .  Of Sheet S t r .  
-- 
4043 
4043 
716 
716 
4043 
4043 
716 
716 -- 
-- 
&act  
Flush 
I n t a c t  
Flush 
In t ac t  
Flush 
I n t a c t  
Flush 
RT 
RT 
RT 
RT 
RT 
600 
600 
6 00 
600 
600 
100.0 
78.7 
57.9 
79.0 
64.0 
90.4 
83.7 
92.3 
94.0 
100.0 
100.0 
66.0 
53.5 
69.1 
62.5 
98.0 
87.3 
95.8 
95.8 
100.0 
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Table V. Weld Strength Expressed A s  A Percent of Sheet Strength 
f o r  .ll2-Inch Mater ia l .  
F i l l e r  
Materia 1 
-- 
4043 
4043 
716 
716 
4043- 
4043 
716 
716 - 
shown 
Cond 
Bead 
of TepP 
OF - -
-- RT 
Flush RT 
I n t a c t  RT 
I n t a c t  RT 
Flush RT 
I n t a c t  600 
Flush 600 
I n t a c t  600 
Flush 600 - 600 
FTU % 
O f  Sheet S t r .  
100.0 
56.1 
81.0 
84.2 
60.0 
86.0 
73.5 
84.1 
83.7 
100 .o 
FTY % 
Of Sheet S t r .  
100.0 
47.8 
61.2 
67.3 
54.7 
85.7 
73.5 
85.7 
80.7 
100.0 
The average, high and low values f o r  each group of specimens are 
i n  Tables V I  and V I I ,  Or ig ina l  da t a  i s  continued i n  Tables V I 1 1  t o  
X x V X t ,  
shown i n  Figure 12. 
by Mater ia l s  Engineering. 
The removal e f f e c t  of t h e  bead reinforcement and temperatures i s  
Figure 12 and t a b l e s  XXVEZI t h r u  XXXIII were prepared 
Table V I .  High, Low, and Avera'ge Strength of Welded .063-Inch 2014-T6 Aluminum. 
Cond 
F i l l e r  of Temp FTU - KSI FTY - KSI 
Ma t er i a  1 Bead OF H i  Lo Av H i  L O  Ave 
-- ** -- RT 70.9 68.2 68.8 60.7 59.3 59.9 
4043 I n t a c t  RT 55.7 52.0 54.1 40.8 38.5 39.7 
4043 Flush RT 42.8 37.3 39.8 34.0 30.8 32.0 
716 I n t a c t  RT 55.7 51.7 54.3 42.4 40.0 41.4 
716 Flush RT 45.2 41.4 44.0 38.2 36.1 37.4 
4043 I n t a c t  6 00 16.9 14.2 14.9 14.6 12.0 13.7 
4043 Flush 600 15.1 13.0 13.8 13.5 11.6 12 .2  
716 I n t a c t  600 16.4 14.5 15.2 14.5 12.0 13.4 
716 Flush 600 17.4 14.2 15.5 14.8 12.3 13.4 - -** -- 600 18.0 15.6 16.5 15.6 12.3 14.0 
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Table V I I .  High, Low, and Average Strength of Welded .112-Inch Clad 2014-T6 Aluminum. 
F i l l e r  
Materia 1 
- ,** 
4043 
4043 
716 
716 
4043 
4043 
716 
716 - -** 
Cond 
of 
B e a d  
-- 
Flush 
I n t a c t  
I n t a c t  
Flush 
I n t a c t  
Flush 
I n t a c t  
I n t a c t  -- 
Temp 
OF - 
RT 
RT 
RT 
RT 
RT 
600 
600 
600 
600 
600 
FTU - K S I  
H i  Lo AV 
74.7 70.3 72.2 
42.7 38.5 40.5 
59.8 57.1 58.4 
61.5 60.2 60.7 
44.8 41.2 43..3 
19.7 16.0 17.8 
16.9 14.0 15.2 
20.4 14.7 17.4 
18.9 16.0 17.3 
24.0 19.2 20.7 
FTY - KSI 
H i  Lo Av 
65.4 61.9 63.8 
33.9 27.6 30.5 
40.1 37.8 39.0 
43.7 41.5 42.9 
35.7 34.1 34.9 
** Unwelded Transverse sheet  s t rength  
I 
17.1 13.8 15.5 
15.6 12.2 13.3 
16.7 13.4 15.5 
15.8 13.4 14.6 
19.9 17.2 18.1 
FTU RANGE OF VALUES 
FTY RANGE OF VALUES 
10 20 30 40 50 60 
TENSILE STRESS-IN PSI 
Figure 12. Comparison of the U l t i m a t e  and Y i e l d  Tensi le  Strength of 
Fusion-welded 2014-T6 Using 4043 and 716 F i l l e r  Mater ia l  
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Table VIII. Fusion Welded .063-Inch 2014-T6 Using 4043 Filler 
Bead Intact Tested At Room Temperature 
Specimen Yield U1 tima te Elongation - % Type 
NO e Stress Stress Of 
psi psi %I1 1 2 Failure 
43R - 1 
- 2  
- 3  
- 4  
- 5  
- 6  
- 7  
- 8  
- 9  - 10 
- 11 - 12 - 13 - 14 - 15 
40,800 
38 , 600 
38,500 
40 , 100 
--- 
40,100 
39,400 
40 , 000 
39,600 
39 , 000 
39,800 
40,200 
39; 700 
39 , 700 
39,100 
- 16 39,400 - 17 40,300 - 18 40,400 - 19 40 , 300 - 20 39,600 
52 , 900 
52,000 
53,300 
53,800 
--- 
53,800 
54 , 900 
55,300 
54 , 000 
54 , 600 
55 , 100 
53 , 100 
52,700 
54,400 
52,700 
55 , 000 
55 , 700 
54 , 900 
54 , 500 
55 , 100 
2 
8.0 
8.0 
8.0 
8.0 
- 
8.0 
10.0 
10.0 
10.0 
10.0 
10.0 
8.0 
8.0 
8.0 
8.0 
10.0 
10.0 
10.0 
8.0 
10.0 
3.5 2 .o 
4.0 2 .o 
4.0 2 .o 
4.0 2.5 
- . 
3.5 2.5 
4.0 2.5 
5.0 2 .o 
4.0 2.0 
5.0 2 .o 
4.0 2 .o 
4.0, 2 .o 
4.0 2 .o 
4.0 2 .o 
4.0 2 .o 
4.0 2 .o 
4.0 2 .o 
5.0 2.5 
4.0 2 .o 
5.0 2.5 
mz 
WF2, 
WFZ 
WFZ I 
WFZ * 
WFZ 
WFZ 
WFZ 
WFZ 
WFZ 
WFZ 
WFZ 
WFZ 
WFZ 
mz, 
WFZ 
WFZ 
WFZ 
WFZ . 
WFZ 
WFZ - Weld Fusion Zone 
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,Table IX. Fusion Welded .063-Inch 2014-T6 Using 716 F i l l e r  
Bead In t ac t  Tested a t  Room Temperatureo 
Specimen 
No 
716-R - 1 
- 2  
- 3  
- 4  
- 5  
- 6  
- 7  
- 8  
- 9  - 10 
- 11 - 12 - 13 - 14 - 15 
- 16 
- 17 
- 18 - 19 
- 20 
Yield 
S t r e s s  
p s i  
41 900 
41,300 
40,400 
41,800 
42,200 
42,400 
41,800 
40,900 
41,400 
41,600 
41,300 
40,500 
41,500 
41,700 
40 900 
40 000 
41,600 
41,800 
41,800 
41,000 
Ultimate 
S t r e s s  
p s i  
55 , 500 
54,400 
53,800 
55,700 
52,600' 
53 , 600 
53,700 
55,700 
54,700 
54,100 
54,600 
55,000 
55,000 
53,100 
55,200 
54,900 
55,100 
52,500 
54,400 
51,700 
Elongation - % 
8.0 
9.0 
8.0 
8.0 
8.0 
8.0 
8.0 
8.5 
8.0 
8.0 
8.0 
8.0 
8.0 
8 .O 
8.0 
8.0 
8.0 
8.0 
8.0 
8.0 
4.0 
4.0 
4.0 
4.5 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
2.0 
2.0 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2 .Oh 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2 .o 
Type 
of 
Fa i lu re  
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
WFi 
W 
WF? - Weld Fusion Zone 
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Spec imen 
No 
Table X. Fusion Welded .063-Inch 2014-T6 Using 4043 Filler 
Flush Bead Tested at Room Temperature, 
43-R.- 1 
- 2  
- 3  
- 4  
- 5  
- 6  
- 7  
- 8  - 9: 
- 10 
- 11 
- 12 
- 13 
- 14 
- 15 
- 16 
- 17 
- 18 - 19 
- 20 
Yield 
Stress 
psi 
32,800 
31,800 
32,100 
31,500 
32,000 
32,400 
31,400 
31,700 
32,600 
30,800 
31,600 
32,300 
32,700 
34,000 
31,200 
32,600 
31,600 
31,000 
31,9DO 
32,000 
U1 t ima t e 
Stress 
psi 
40,600 
39,700 
37,300 
39,100 
39,900 
41,400 
38,700 
38,900 
38,400 
39,100 
41,000 
42,000 
41,100 
42,800 
38,600 
40 100 
38,700 
39,100 
.40,400 
39,400 
Elongation 2 % 
411 1" 2 
4.0 2 - 0  -1 .o 
5.0 2.5 1.5 
5.0 2.0 1 .o 
5.0 3.0 1.5 
6.0 3 .O 1.7 
8.0 3.0 1.7 
5.0 3.0 1.5 
7.0 3.0 1.7 
4.0 2 .o .5 
5.0 2 .o 1 .o 
7.0 
7.0 
7.0 
6.0 
5.0 
6.0 
4.0 
7.0 
7.0 
5.0 
3.0 1.5 
4.0 2.5 
3.5 2.2 
3.5 1.7 
3.0 1.5 
3.5 2.2 
3.5 2 .o 
3.5 2.2 
3.5 2.2 
3.0 1.2 
Type 
of 
Failure 
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Table XI. Fusion Welded .063-Inch 2014-T6 Using 716 Filler 
Flush Bead Tested At Room Temperatures 
S pec imen 
No. 
1108 - 1RF - 2RF - 3RF 
- 4RF 
1109 - 5RF 
1109 - 6RF 
- 7RF 
- 8RF 
1106 - 9RF 
- low 
1106 - llRF 
- 12RF 
1107 - 13RF 
- 14RF - 15W 
1107 - 16RF 
1108 - 17RF 
- 18RF - 19RF 
- 20RF 
Yield 
Stress 
Psi 
37,300 
38 , 100 
37,400 
36 , 100 
36,400 
37,100 
37,500 
36,600 
37,200 
36 , 700 
37,900 
38,100 
37,700 
37,900 
38,000 
38,200 
37,500 
37,500 
37,800 
37,000 
- 
U1 t ima te Elongation - X 
Stress 
psi %I' 1 I t  2 I t  
43,300 
43,400 
44,400 
43 , 500 
43 , 900 
45,200 
43,400 
44 000 
44,400 
43 , 500 
44 , 300 
43 , 900 
44,600 
44 , 700 
44 , 800 
44,300 
44,900 
41,400 
44 , 700 
44,000 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
2 .o 
2 - 0  
3 .O 
3 - 0  
3 .O 
3 .O 
.3 .o 
3 .O 
3.0 
3.0 
3 .O 
3.0 
3.0 
3.0 
3 .O 
9.0 
3.0 
3 $0 
3 .O 
3.0 
2 .o 
1.5 
2 .o 
2 .o 
2.0 
2 .o 
2 .o 
2 .o 
2 .o 
1.5 
2 .o 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
5Pe 
of 
Failure 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
WFZ 
W 
W 
W 
W 
W 
WFZ - Weld Fusion Zone 
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Specimen 
No. 
Bead 
Yield 
Stress 
,psi 
13,200 
13,700 
13,000 
13,700. ---- 
13,000 
13,000 
13,300 
13,100 
13,400 
13,100 
13,500 
---- 
12,000 
14,600 
14,200 
13,900 
14,400 
14,600 
Intact Tested at 600°F, 
U1 t ima te 
Stress 
psi 
14,500 
15,600 
14,800 
15,500 ---- 
14,600 
15,200 
15,300 
15,000 
15,700 
15,700 
14,200 
16,500 
16,700 
16,200 
16,800 
16,900 
--e- 
15,000 
---- 
Elongation - X 
% I t  1 I' 2 
12 .o 8.0 
.8.0 6.0 
8.0 6.0 
8 .O 6.0 
--e --- 
8.0 6.0 
10.0 5.0 
10.0 6.0 
10.0 6.0 
--- --- 
10.0 6.0 
10.0 6.0 
10.0 6.0 
10.0 6.0 
--- -e- 
10.0 6.0 
10.0 5.0 
8 .O 5.0 
10.0 5.0 
10.0 5.0 
4.5 
3 .O 
3.0 
3 :o 
3 .O 
4.0 
4.0 
3.5 
3.5 
3.5 
3.5 
3.5 
--- 
--- 
-3.5 
3.5 
3.5 
3.5 
3.5 
Table X I I .  Fusion Welded .063-1nch 2014-T6 U&ing 4043 Filler 
1110 - 1H - 2H 
3H - 4H 
1104 - 5H 
- 6H - 7H 
- 8H 
1111 - 9H. - 10H 
- 11H' 
- 12H7 
I112 - 13H - 14H - 15H 
- 16H 
1113 - 17H 
- 18H - 19H - 20H 
WFZ - Heat Affected Zone 
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Table XIII. Fusion Welded .063-Inch 2014-T6 Using 716 Pillei: 
Bead 
Specimen 
No. 
1089 - HI. 
- H 2  
-H3 - H4 
108 - H5 
1085 - H6 - H7 - H8 
1088 - H9 - H10 
- HI1 
- H12 
1087 - H13 - H14 
' - H15 
- H16 
1086 .. H17 - H18 
- H19 - H20 
Yield 
Stress 
psi 
14,500 
13 600 
12,500 
14,000 
---- 
13 100 
12,600 
12,900 
13,300 
---- 
12,700 
13,600 
14,300 
14,100 
--e.. 
14,100 
13 $000 
13 300 
13,900 
12 $000 
- 
Intact Tested at 600°F. 
U1 t ima t e 
Stress 
2L 
16,300 
14,800 
14 700 
16,100 
14,900 
14,500 
15.,000 
14,900 
14,500 
15,300 
16,400 
15,400 
15,100 
14 600 
15,300 
14,500 
15 , 800 
--e- 
---- 
--- 
Elongation - % 5 P e  
of 
Failure %I1 1 'I t 2" 
10.0 5.0 
10.0 5.0 
10.0 5.0 
10.0 5.0 
-- --- 
10.0 5.0 
10.0 5.0 
10.0 5.0 
10.0 5.0 
-- ..-e 
10.0 5.0 
10.0 5.0 
10.0 5.0. 
10.0 5.0 
-- --- 
10.0 5 -0 
10.0 5.0 
10.0 5.0 
10.0 7.0 
10.0 6.0 
3.0 
3.5 
3.5 
3 .O 
3 .O 
3.5 
3.5 
3.5 
3 -5 
3.0 
3 .O 
3.5 
3 .O 
3.5 
4.0 
5.5 
3.5 
--- 
--- 
F@Z - Heat Agfected Zone 
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Table XIV. Fusion Welded .063-Inch 2014-T6 Using 716 F i l l e r  
Flush Bead Tested a t  600°F T.- -.m p e r a t u r e  
SpecimeA Yield U 1  t ima te  Elongation - % Type 
No. S t r e s s  S t r e s s  of 
p s i  p s i  %I' . 1" 2 'I  F a i l u r e  
1108 - 1HF 12,500 - 2HF 14,000 
- 3HF 13,800 - 4HE' 14,800 
1109 - 5H.F ---e 
1109 - 6HF 12,300 - 7HF 12,500 
- 8HF 13,800 
1106 - 9HF 13,800 
- lOHF 13,900 
1106 - l l H F  14,000 
- 12HF 13,100 
1107 - 13HF 13,700 
- 14HF 13,100 
- 15HF 13,200 
1107 - 16HF 12,300 
1097 - 17HF 14,100 
- 18HF 13,500 
- 19HF 13,200 - 20 HF 14,400 
16,300 
16,000 
15,800 
16 , 900 ---- 
14,400 
14 , 500 
16,000 
15 , 700 
15 , 900 
16,000 
14 , 900 
15 , 900 
15,300 
15,400 
14 , 200 
16 , 200 
15 , 600 
15,200 
17,400 
12 .o 
12 .o 
12 .o 
10.0 
12 .o 
12.0 
12.0 
12 .o 
12 .o 
8.0 
4.0 
10.0 
10.0 
10.0 
16.0 
10.0 
10.0 
14.0 
8 .O 
7.0 4.5 
6.0 3.5 
5.0 2.5 
6.0 3 :5 
6.0 4.0 
6.0 4.5 
6.0 4.5 
6.0 4.0 
6.0 4.0 
4.0 2.5 
6.0 3.5 
5.0 3 .O 
6.0 3 .O 
6.0 3.0 
8.0 4.5 
5.0 3.5 
5.0 3.5 
7.0 4.5 
4.0 2.5 
WFZ 
WFZ 
WFZ 
W 
wz 
WFZ 
WFZ 
WFZ 
WFZ 
W 
WFZ 
W 
W 
W 
W 
W 
wF2 
WFZ 
WFZ 
PPZ - Heat Affected Zone 
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Specimen 
No a 
Table XV. Fusion Welded .063-Inch 2014-T6 Using 4043 F i l l e r  
Flush Bead Tested a t  600°F Temperature. 
1110 - 1HF 
- 2HF - 3HF 
- 4HF 
1104 - 5HF 
1104 - 6HF 
- 7HF 
- 8HF 
1111 - 9HF - lorn 
1111 - l l H F  
- 12HF 
1112 - 13HF - 14 HF 
- 15HF 
1112 - 16HF 
1113 - 17HF 
- ' 18HF 
- 19HF - 20HF 
Y i e  Id 
Stress 
p s i  
11,800 
11,900 
12  , 100 
12,400 
12,000 
12,500 
11,800 
12,300 
12,000 
12,100 
11,700 
12,500 
13,500 
---- 
--- 
12,800 
12,600 
12,100 
12,200 
11,600 
U 1  t ima t e  
S t r e s s  
p s i  
13,400 
13,OO 
13,500 
14,100 
14,100 
14 , 000 
X3,300 
13,700 
13,600 
13,900 
13,700 
13,800 
14,900 
--- 
--- 
15,100 
14,300 
13,900 
14,000 
13,200 
Elongation- '% 
%'I 1 2 
16.0 8.0 4.5 
12 .o 6.0 3 .O 
18.0 9.0 4.5 
18.0 9.0 4.5 
16.0 8.0 4.0 
12 .o 
12 .o 
12.0 
14.0 
24.0 
18.0 
18.0 
1 2  .o 
--- 
---- 
6.0 3 .O 
6.0 3 .O 
6.0 3.5 
7.0 3.5 
12.0 6.0 
9.0 4.5 
9.0 4.5 
6.0 3.5 
--- 
--- - - -  
18.0 10.0 5.0 
18.0 10.0 5.0 
16.0 8.0 4 .O 
16.0 8.0 4.5 
18.0 8.0 4.5 
5 P e  
of 
Fa i lu re  
W 
W 
W 
W 
W 
W 
W 
W 
- 
- 
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Table XVI -063-Inch Clad 2014-T6 Transverse Sheet Strength 
Tested A t  Room Temperaturec 
Specimen 
No e 
1142 - 1 R  - 2R 
1144 - 3R 
- 4R 
9143 - 5 R  
1143 - 6R 
1141 - 7R 
- 8 R  
1140 - 9R 
- 10R 
1147 - 1 1 R  
- 1 2 R  
1132 - 13R 
- 14R 
1134 - 15R 
1134 - 16R 
1133 - 17R 
- 1 8 R  
1130 - 19R - 20R 
Yield 
S t r e s s  
, p s i  
--- 
60 , 300 
59,300 
59 , 700 
59 , 600 
60 , 000 
59,800 
59,900 
60,000 
59,800 
60,700 
60 , 700 
60 , 700 
60 , 400 
59 , 700 
59,400 
60,200 
59,400 
59,800 
60,000 
U 1  t ima t e 
S t r e s s  
psi 
--- 
68 , 600 
68,400 
68 , 200 
68 , 800 
68 , 900 
69 , 300 
68,700 
68 , 900 
69,300 
70 , 600 
70 , 900 
69 , 900 
69 , 900 
69,500 
68,800 
69,500 
69 , 000 
69 , 900 
69,300 
Elongation - % Type 
of 
1" 2 If Fa i lu re  % I t  
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SpeC imen 
No e 
1142 - 1H - 2H 
1144 - 3H 
- 4H 
1143 - 5H 
1143 - 6H 
1141 - 7H - 8H 
114'0 - 9H - 10H 
1147 - 11H 
- 12H 
1132 - 13H - 14H 
1134 - 15H 
1134 - 16H 
1133 - 17H - 18H 
1130 - 19H - 20H 
Table XVII .063-Inch Clad 2014-T6 Transverse Sheet Strength 
Tested at 600°F Temperature 
Yield U1 t ima t e Elongation - % Type 
Stress Stress Of 
psi psi %" 1 " 2 " Failure 
14 100 
14,000 
13,800 
14,300 
14,300 
14,400 
14 , 500 
12,800 
12,900 
--- 
12,300 
14,40C# 
13,800 
14,000 
13,000 
13 , 900 
15 , 300 
15,400 
15,600 
16,100 
16,400 
15,700 
16,700 
16,300 
16,800 
-16,900 
15.600 
16 900 
16,000 
16,800 
15,800 
16,600 
15,800 
16,300 
17,600 
17,600 
18 , 000 
--- 
20.0 
11.5 
14.5 
9.5 
6.0 
4.0 
6.0 
7.0 
10.5 
9.5 
3.5 
11.5 
5.0 
10.5 
12.5 
4.0 
11.5 
10.0 
--- 
--- 
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Specimen 
No. 
Table XVIII. Fusion Welded .112-Inch 2014-T6 Using 4043 Filler 
Bead Intact Tested at, Room Temphrature 
Yield 
Stress 
psi 
1172 - 1R 39,200 
- 2R 39,000 
- 4R 37,800 
1173 - 5R 38,600 
- 3R' 39,600 
U1 t ima te 
Stress 
psi 
58,200 
58,200 
57,100 
57 , 600 
59,100 
E1ongat:on - % Type 
of 
2 Failure 4" i t 1  
9.0 6.5 3 .O HAZ 
9.0 6.0 3 .O HAZ 
9.0 6.0 3.0 HAZ 
10.0 6.5 3 .O HAZ 
10.0 5.5 3 .O HA2 
1173 - 6R 39,700 58 100 12.0 6.0 3.0 HAZ 
- 7R 39,400 59,800 12 .o 6.0 3.0 HAZ - 8R 38,400 58,500 12.0 6.0 3.0 HAZ 
1174 - 9R 38,400 57,800 12 .o 6.0 3.0 HAZ 
- POR 40,100 59,400 12.0 6 .O 3 .O HAZ 
Table XIX. Fusion Welded .112-Inch 2014-T6 Using 716 Filler 
Intact Tested at Room Temperature. Bead 
Spec imen Yield 
No. Stress 
psi 
1177 - 1R . 43,600 - 2R 42,400 
- 3R 42,700 
- 4R 41,500 
1179 - 5R 42,000 
- 6H 43,400 
. - 8H 42,800 
1'180 - 9H 43,700 
- 7H 43 , 100 
- 10H 43,600 
U1 tima te Elongation - X 
Stress ' 
psi %I' , lP' 2-1 1
60,200 13.0 8.5 3.5 
60,300 6.0 6.5 - 3.0 
61,500 5.0 7.0 4.0 
60,300 6.0 6.5 3.0 
60,600 5.0 8.0 3.5 
60 , 600 8.0 7.0 3.5 
60,400 8.0 6.0 3.0 
61,300 8.0 6.0 3 .O 
60,600 8.0 6.0 3 .O 
61,100 8.0 6.0 3 .O 
Type 
of 
Failure 
HAZ 
HAZ 
HAZ 
W 
HAZ 
- Weld Fusion Zone 
J3& - Heat Affected Zone 
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Spec imen 
No e 
Table XX. Fusion Welded .112-inch 2014-T6 Using 4043 Filler 
Flush Bead Tested at Room Temperature, 
1182 - 1RF 
- 2RF - 3RF 
- 4RF 
1185 - 5RF 
1185 - 6RF 
- 7RF 
- 8RF 
1186 - 9RF 
- low 
Yie Id 
Stress 
psi 
30,000 
29 , 700 
28,100 
29,500 
27,600 
33 , 900 
32,800 
33,300 
29,200 
30,300 
U1 t ima te 
Stress 
psi 
42 700 
41,300 
40 , 700 
41,300 
38,500 
40,200 
40,400 
38,900 
39,400 
41,100 
Elongation - % 
1" 2 
9.0 4.0 2.5 
8.0 4.0 2.5 
10.0 5.5 2.5 
10.0 4.5 2 -5 
10.0 4.5 2.5 
8.0 4.0 2.5 
8.0 4.0 2.5 
8.0 4.0 2.5 
8.0 4.0 2.5 
8 .O 4.0 2.5 
Table XXI.  Fusion Welded .112-Inch 2014-T6 Using 716 Filler 
Flush Bead Tested at Room Temperature, 
Specimen Yield U1 t ima t e Elongation - % 
No. Stress Stress 
psi psi 1 2 
1170 - 1RF 35,200 43 , 200 5.0 2.5 1.5 
- 2RF 34,700 44,800 7.0 3.5 1.5 
- 3RF 35,100 44 , 800 5.0 3 .O 1.5 
- 4RF 35,300 44,300 5.0 3.0 1.5 
1169 - 5RF 34,100 43 , 300 5.0 3.0 1.5 
1169 - 6HF 35,700 41,900 4.0 2.0 1.0 
- 7HF 34,800 43,400 6.0 3.0 1.5 
- 8HF 34,600 43,700 6.0 3.0 1.5 
1168 - 9HF 34,600 43,600 6.0 3.0 1.5 
- lOHF 34,600 41,200 6.0 3.0 1.5 
Type 
of 
Failure 
Type 
of 
Failure 
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Specimen 
No e 
Table XXII. Fusion Welded .112-Inch 2014-T6 Using 4043 Filler 
Bead Intact Tested at 600°F Temperature 
1172 - 1H 
- 2H 
- 3H 
- 4H 
1173 - 5H 
1173 - 6H' 
- 7H 
- 8H 
1174 - 9H 
- 10H 
Yield 
Stress 
psi 
16,400 
16,600 
16,100 
17,100 
15,900 
13,800 
15,000 
14,600 
14,500 
15,100 
U1 t ima te 
Stress 
psi 
19,200 
19,100 
18,600 
19,700 
18,400 
16,000 
16,800 
16,600 
16,600 
17,100 
Elongation - % 
4.0 6.0 4.0 
4.0 7.0 ' 4.0 
4.0 6.0 4 .O 
4.0 6.0 4.0 
4.0 6.0 4.0 
~8.0 7.0 4.5 
6.0 6.0 3 .O 
10.0 7.0 4 -0  
10.0 7.0 5 .O 
10.0 7.0 5 .O 
5 P e  
Of 
Fa i lure 
HA2 
HA2 
HAZ 
HAZ 
HAZ 
HAZ 
HA2 
HA2 
HAZ 
HAZ 
Table XXIII. Fusion Welded .ll2-Inch 2014-T6 Using 716 Filler 
Bead Intact Tested at 600°F Temperature, 
Spec imen Yield U1 t ima t e Elongation - % Type 
No. Stress Stress Of 
psi psi &j" 1 It 2" Failure 
1177 - 1H 16,300 18,600 4.0 6.0 3.5 HA2 - 2H 16,200 18,600 4.0 6.0 4.5 HA2 - 3H 15,800 18,500 4.0 6.0 3.5 HAZ - 4H 16,000 18,400 4.0 6.0 3.5 HAZ 
1179 - 5H 16,700 20,400 4.0 6.0 3.5 HA2 
1179 - 6R 15,900 17,200 4.0 6.0 3.5 HA2 - 7R --o 15,100 4.0 6.0 3 -5 HA2 - 8R 14,200 15,700 4 .Q 6.0 3.5 HA2 
1180 - 9R 14,700 16,700 4.0 5.0 3.5 HAZ - 10R 13,400 14,700 4.0 6.0 3.5 HA2 
236 
Specimen 
No. 
Table XXIV. Fusion Welded .112-Inch 2014-T6-Using 4043 F i l l e r  
Flush Bead Tested a t  600°F Temperature 
1182 - 1HF - 2HF - 3HF - 4HF 
1185 - 5HF 
- 6HF 
- 8HF 
- 7HF 
1186 - 9HF' 
- lOHF 
Yield 
S t r e s s  
p s i  
13 500 
13,700 
13,500 
13,200 
13 ,000 
15 , 600 
1 2  , 600 
12,500 
13 , 600 
12,200 
U1 t ima te  
Stress 
p s i  
15 , 600 
15,400 
15,300 
14 , 900 
15,400 
16,900 
14,300 
14,600 
15,400 
14,000 
Elongation - % 
5" 1" 2 
18.0 9.0 4.5 
12.0 6.0 3.5 
20.0 10.0 5.5 
10.0 5.0. 3.0 
18.0 4.0 . 4.5 
8.0 4.0 2.5 
18.0 9.0 4.5 
18.0 9.0 4.5 
16.0 8 -0 4 .O 
18.0 9.0 4.5 
WPe 
of 
F a i l u r e  
W 
W 
W 
W 
W 
Table XXV. Fusion Welded .112-Inch 2014-T6 Using 716 F i l l e r  
Flush Bead Tested a t  600°F Temperature 
Spec fmen ,Yield U 1  t ima t e  Elongation - % 5 P e  
No. S t r e s s  S t r e s s  of 
1170 - 1HF '15,200 18,100 8.0 9.0 4.5 HA2 - 2HF 15,500 18,400 8.0 8.0 4.5 HAZ 
- 3HF 15,800 18,900 7.0 6.0 4.5 HA2 I 
- 4HF 15,100 17,900 7.0 6.0 4.5 HAZ 
1169 - 5HF 15,100 18,100 20.0 11.0 5.5 W 
p s i  p s i  kl' 1 2 F a i l u r e  
1169 1 6RF 13,800 16 , 100 8.0 9.0 4.5 
. - 7 R F  13,500 16,200 8.0 9.0 4.5 
- 8RF 13,400 16,000 8.0 9.0 4.5 
- lORF 14,200 16,800 14.0 8.0 4.5 1168 - 9RF 14,300 16,900 10.0 10.0 5.0 
HAZ 
HAZ 
HAZ 
HAZ 
HAZ 
- Heat Affected Zone 
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Specimen 
No. 
1167 - 18 
1190 - 2R 
1201 - 3R 
1200 - 4R 
1189 - 5R 
1178 - 6R 
1188 -, 7R 
1198 - 8R 
1197 - 9R 
Table XXVI 112-Inch Clad 2014-T6 Transverse Sheet Strength 
Tested at Room- Temperature, 
Yield 
Stress 
psi 
63 , 000 
64 , 500 
63 , 600 
62 , 500 
65,400 
65,400 
65,000 
61 , 900 
64,300 
U1 t ima te 
Stress 
psi 
71,000 
73,000 
71 , 500 
70,400 
74 , 700 
73 , 600 
73 , 900 
71 , 000 
72 , 700 
1199 - 10R 61j900 70,300 
Specimen 
No e 
1167 - 1H 
1190 - 2H 
1201 - 3H 
1200 - 4H 
119.8 - 5H 
1187 - 6H 
1188 - 7H 
1189 - 8H 
1197 - 9H 
Elongation - % 
Table XXVII e 112-Inch Clad 2014-T6 Transverse Sheet Strength. 
Tested at 600' Temperature .' 
Yield U1 t ima t e Elongation - % Type 
Stress Stress of 
1" 2" Failure psi psi 3' I 
17 700 19,800 --- --- 10.0 
--- 5.5 18 , 500 20,900 --- 
--- 7.5 17,500 20,500 --- 
--- 4.5 17,300 20 , 100 --- --_ - - e  --- --- --- 
--- 3.0 1199 - 10H 17,700 19 , 700 --- 
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Table XXIX. Longitudinal Free-Bend Specimen Test  Results .063-Inch 
Thick 2014-T6 Alclad Aluminum Sheet Mater ia l .  
# Free-bend 
Spec imen F i l l e r  Condition TYPe Angle, 
No a Material  of Bead Specimen , degrees Location of F a i l u r e  
1 
2 
3 
11 
22 
33 
1 
2 
3 
11 
22 
33 
716 
716 
716 
716 
716 
716 
4043 
4043 
4043 
4043 
4043 
4043 
I n t a c t  
I n t a c t  
I n t a c t  
Flush 
Flush 
Flush 
I n t a c t  
I n t a c t  
I n t a c t  
Flush 
Flush 
Flush 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
170 
165 
160 
175 
180 
180 
180 
180 
180 
180 
180 
180 
Transverse 
Crack across  f ace  
of bead 
Transverse 
Crack across  face 
of bead 
Transverse 
Crack across  face 
of bead 
Transverse 
Crack across  f ace  
of bead 
Transverse 
Crack across  face 
of bead 
Transverse 
Crack across  f ace  
of bead 
Transverse 
Crack across  f ace  
of bead 
Transverse 
Crack across  f ace  
of bead 
None 
None 
None 
50% transverse crack 
across face of bead 
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Table XXX. Longitudinal Free-Bend Specimen Test  Results .112-Inch 
Thick 2014-T6 Alclad Aluminum Sheet Mater ia l .  
Free-bend 
Specimen F i l l e r  Condition 5 P e  Angle, 
No Ma t er i a  1 of bead specimen degrees Location of F a i l u r e  
1198-1 
1199 -2 
1197-3 
1198-1 
1199-2 
1197-3 
1205-1 
1206-2 
12 04 -3 
1206-1 
1205-2 
1204-3 
716 
716 
716 
716 
716 
716 
4043 
4043 
4043 
4043 
4043 
4043 
I n t a c t  
I n t a c t  
I n t a c t  
Flush 
Flush 
Flush 
I n t a c t  
I n t a c t  
I n t a c t  
Flush 
Flush 
Flush 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
45 
42 
40 
75 
78 
80 
106 
105 
'115 
128 
120 
130 
Transverse crack 
across  f ace  of weld 
Transverse crack 
across  f ace  of weld 
Transverse crack 
across  face of weld 
Transverse crack 
across  f ace  of weld 
Transverse crack 
across  face of weld 
Transverse crack 
across  f ace  of weld 
Tr'ansverse crack 
across  f ace  of weld 
Transverse crack 
across  f ace  of weld 
Transverse crack 
across  face of weld 
Transverse crack 
across  f ace  of weld 
Transverse crack 
.across face of weld 
Transverse c i a& 
across  f ace  of weld 
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Table XXXI, Transverse Free-Bend Specimen Test  Results .063-Inch 
Thick 2014-T6 Alclad Aluminum Sheet Material .  
Free-Bend 
Spec imen F i l l e r  Condition 5 P e  Angle, 
No. Ma t er i a  1 of bead Specimen degrees Location of F a i l u r e  
1 
2 
3 
11 
22 
33 
1 
2 
3 
. Y 1  
22 
716 
7 16 
716 
716 
716 
716 
4043 
4043 
4043 
4043 
4043 
I n t a c t  
I n t a c t  
I n t a c t  
Flush 
Flush 
Flush 
I n t a c t  
I n t a c t  
I n t a c t  
Flush 
Flush 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
Face 
145 
160 
150 
67 
65 
70 
160 
153 
145 
70 
67 
Heat-affected zone 
Heat -af f ec t ed  zone 
Heat -af f ec t ed  zone 
Fusion l i n e  
Fusion l i n e  
Fusion l i n e  
Heat-affected zone 
Heat -affected zone 
Heat-affected zone 
Fusion l i n e  
Fusion l i n e  
33 4043 Flush Face 65 Fusion l i n e  
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Tensi le  tests summaries show a d e f i n i t e  s u p e r i o r i t y  i n  y i e l d  s t rength  of 
716' f i - l l e r .  wire f o r  room-temperature p rope r t i e s  e 
evident when t h e  bead reinforcement is 'removed, f o r  both .063-inch and .112- 
inch mater ia l ,  and amounts t o  about 7 t o  9 percent i n  j o i n t  e f f i c i ency .  
600°F t h i s  apparently superior  y i e l d  s t r eng th  of 716 i s  the  same. 
s t rength  of both. mater ia l s ,  however, i s  about t h e  same. 
This s u p e r i o r i t y  is more 
A t  
The u l t imate  
'It was noted i n  t h e  heat-affecped zone of t h e  parent mater ia l  t h a t  -12 of 
-. 20 716 .063-inch f l u s h  b$ad specimens were t e s t e d  a.t 600°F, and a l l  but one of t h e  
.112-inch specimens f a i l e d .  This 
shows a d e f i n i t e  s u p e r i o r i t y  of the 716 over the  4043 f i l l e r  mater ia l .  A l l  t h e  
4043 and 716 tes t  specimens, f l u s h  bead,'tested a t  room temperature f a i l e d  i n  
t h e  weld metal. 
temperature, f a i l e d  i n  the fusion-zone area.  The 716, .063-in& bead i n t a c t ,  
t e s t e d  a t  room-temperature, f a i l e d  i n  the weld-metal. The 716, .112-inch 
specimen bead i n t a c t ,  t e s t e d  a t  room temperature, f a i l e d  fusion-and-heat-affected 
zone a reas .  
heat-affected zone. 
t h e  heat-affected zone. 
A l l  t h e  4043 specimens f a i l e d  i n  t h e  weld. 
A l l  4043, .064,,and *112-inch bead i n t a c t  spekimens, t e s t e d  a t  room 
A l l  4043 specimens, bead i n t a c t ,  t e s t e d  a t  600°F f a i l e d  i n  t h e  I 
A l l  7f6 specimens, bead i n t a c t ,  t e s t e d  a t  600°F, f a i l e d  i n  
,Bead Tests  -. - 
To obtain a b e t t e r  ind ica t ion  of t H e  d u c t i l i t y  o f . t he  716 and 4043 f i l l e r  
Transverse free-bend specimens were t e s t e d  t o  determine t h e  
metals,  t h e  longi tudina l  free-bend tes t  specimen simulating a c i rcumferent ia l  
weldment, was used. 
d u c t i l i t y  of t h e  weld-joint.  
t e s t e d  t o  determine t h e  bas i c  soundness of t he  weld j o i n t .  
used with the  weld reinforcement i n t a c t ,  and with the  weld bead f lu sh .  
The t ransverse  guided-bend tes t  specimens were a l s o  
Test  specimens were 
I,mgPtudinal Free-bend Tes ts  
The longi tudina l  free-bend te.st was used t o  determine t h e  d u c t i l i t y  of 
These bend tes ts  indicated t h a t  regard less  of t h e  two the two f i l l e r  metals.  
sheet  thicknesses  welded (0.063 and 0.112-inch shee t  ma te r i a l s ) ,  t h e  4043 
weld-metal had t h e  b e t t e r  d u c t i l i t y .  
across t h e  face of t h e  weld bead. These r e s u l t s  were expected s ince  t h e  716 weld 
metal i s  of t he  precipi ta t ion-hardening type. 
The cracks t h a t  occurred were t ransverse  
Transverse Free-bend Test  
To determine t h e  d u c t i l i t y  of the  heat-affected zone of t h e  2014-T6 
base metal ,  the  t ransverse  free-bend specimen was used. 
showed,that, wi th  the  0.063-inch mater ia l  with weld reinforcement, . intact ,  t he  
€ a i l u r e  occurred i n  the  heat-affected zone with a bend angle t h a t  varied between 
145O t o  160° f o r  both f i l l e r  mater ia l s  ind ica t ing  comparable d u c t i l i t y .  When 
t h e  weld reinforcement was f l u s h  with the base metal ,  f a i l u r e  occurred along t h e  
weld-fusion l i n e  with a bend angle t h a t  var ied between 65-70°. 
ind ica ted  t h a t  t h e  fus ion  l i n e  i s  t h e  weakest zone of the weld area f o r  t h i s  
mater ia l .  
t h a t  occurs during t h e  welding operation. 
These tes t  r e s u l t s  
These r e s u l t s  
This zone i s  normally t h e  weakest because of t he  l a r g e  g r a i n  growth 
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The 0.112-inch t ransverse  free-bend specimens, with the  716 weld r e i n -  
forcement i n t a c t ,  were bent through a 50-60' angle and f a i l e d  i n  t h e  fusion l i n e  
area i n  a l l  t h ree  specimens t e s t e d .  The 4043 weld metal ,  0.112-inch specimens 
(weld reinforcement i n t a c t ) ,  underwent a 60-90° bend angle. F a i l u r e  f o r  two 
, of the  specimens occurred i n  t h e  fusion l i n e  a rea .  The t h i r d  specimen, which 
had a 90 degree bend angle ,  broke i n  t h e  heat-affected zone and parent metal. 
These r e s u l t s  show t h a t  the 4043 specimen&.had s l i g h t l y  b e t t e r  heat-affected zone 
d u c t i l i t y .  F a i l u r e  general ly  occurred i n  the  fusion l i n e  area which i s  t he  
weakest because of t h e  l a rge  g r a i n  growth t h a t  occurs during welding. 
The 0.112-inch f l u s h  specimens had bend angles  of 35-40° f o r  the 716 f i l l e r  
The 4043 specimens had t h e  g r e a t e r  mater ia l  and 45-55O f o r  t he  4043 metal. 
duc t i l i t y . -  F a i l u r e  occurred i n  the  weld metal f o r  both f i l l e r  mater ia l s  t e s t e d .  
These r e s u l t s  i n d i c a t e  t h a t ,  when t h e  weld reinforcement i s  removed, t he  fusion 
l i n e  and heat-affected zone a reas  a r e  not  t h e  weakest, but  t he  weld metal i t s e l f  
becomes'weak. When t h e  reinforcement i s  removed the  center  of t he  weld metal i s  
usua l ly  t h e  weak region because of t h e  d e n d r i t i c  junct ion t h a t  r e s u l t s  from the  
f i n a l  s o l i d i f i c a t i o n  a t  t he  c e n t e r  of t h e  weld. 
TranSvqrse Qfided-bend Test - .  
The t ransverse guided-bend tes t  was used t o  check the soundness of t he  
0.063-inch weldments. This t e s t  was a l s o  used t o  determine the  ac t ion  of the 
w e l d  metal and t h e  heat-affected zones on the  d u c t i l i t y  of the weld j o i n t  due t o  
t h e  addi t iona l  r e s t r a i n t  imposed by t h e  bend j i g .  Some i n t e r e s t i n g  r e s u l t s  
were obtained. 
was more severe than t h e  t ransverse free-bend tes t .  In  a l l  the  condi t ions,  except 
t h e  4043 f lu sh ,  t he  degree of specimen bending was Less f o r  t he  guided-bend 
specimens. The one 4043 f l u s h  specimen broke a t  65' instead of 60' when the  
free-bend was used. Thus t h e  r e s u l t s  f o r  t h i s  group could be considered the  
same. The important r e s u l t  of the guided-bend tes t  i s  t h a t  the loca t ion  of 
f a i l u r e  was changed i n  th ree  inst'ances from t h e  heat-affected,  o r  fusion l i n e ,  
areas  t o  a f a i l u r e  i n  the  weld metal. It should be noted t h a t  by using the  
guided-bend t e s t ,  t he  716 bead-intact  specimen f a i l e d  i n  t h e  fusion l i n e .  The 
free-bend specimens f a i l e d  i n  t h e  heat-affected zone. The fusion l i n e  i s  the 
l e a s t  d u c t i l e  j o i n t  a r ea .  The 4043 bead-intact  guided-bend t e s t  specimens 
f a i l e d  i n  the weld metal and not  i n  t h e  fusion l i n e  a s  d id  the  716 specimens. 
These r e s u l t s  showed t h a t  the 4043 f i l l e r  metal i s  t h e  weaker of t he  two when 
placed under severe deformation. 
As might. have been expected, the t ransverse  guided-bend t e s t  
I n  both the  716 and 4043 f l u s h  guided-bend specimens, f a i l u r e  occurred 
i n  the  weld metal due t o  the severe r e s t r a i n t  and reduced area cross-sect ion.  
The free-bend f l u s h  specimens f o r  both f i l l e r  mater ia l s  f a i l e d  i n  the fusion 
l i n e  area ind ica t ing  lower d u c t i l i t y  and/or s t r eng th .  
Corrosion Test 
The r e s u l t s  of t h e  288-hour s a l t  spray atmosphere t e s t s  indicated t h a t  no 
appreciable  corrosion was observed i n  e i t h e r  of t h e  f i l l e r  mater ia l s  o r  the 
heat-affected zones of t he  two weldment types when compared t o  unwelded base 
metal shee t s .  
was double t h a t  of t he  716 weldment. However, i n  no case did e i t h e r  corrosion 
The depth of penetrat ion of t he  4043 weldment heat-affected zone 
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penetrat ion exceed more than one-half the thickness  of t he  cladding mater ia l  
(0.003-inch th i ck )  e I n  a l l  instances  of corrosion,  the path was t ransgranular  
i n  nature .  
No t e n s i l e  specimens were exposed and t e s t e d  i n  s a l t  spray atmosphere. 
Previous inves t iga t ions  have shown t h a t  t e n s i l e  and y i e l d  s t rength  was decreased 
5 and 16 percent respec t ive ly  on..051rinch 2014-T6 aluminum sheet  welded manually 
with 4043 f i l l e r  mater ia l  and t e s t e d  i n  t h e  as-welded condi t ion f o r  a s imi l a r  
288-hour exposure (Reference 11).  The corrosion t e s t s  were performed because 
t h e  missile might be exposed t o  s a l t  atmosphere. 
The e f f e c t  on t h e  weld metal and heat-affected zones was determined by 
metallographic examiniation. Af te r  corrosion t e s t i n g ,  unwelded, .063-inch 
2014-T6 con t ro l  panels and welded panels were removed from the sa l t - spray  chamber, 
sect ioned,  and metal lographical ly  examined. The following r e s u l t s  were obtained: 
Both weld f i l l e r  mater ia l s  (716 and 4043) showed a maximum 
penetrat ion de'pth of .0004 inch. 
The penetrat ion i n t o  t h e  clkadding mater ia l  of t h e  shee t  i n  t h e  
heac-affected zone near t h e  weld bead was .00063-inch i n  the  716 
weldment andT.00125-inch i n  the 4043 weldment. I 
No corrosion was observed which penetrated more than one-half t he  
t h i c k h s s  of t h e  cladding mater ia l  (.003-inch thick)  i n  the hea t -  
a f fec ted  zones. 
I n  a l l  t h e  above corrosion instances t h e  type of penetrat ion was 
t ransgranular  i n  nature .  
Unweided shee t  showed .0017-inch penetrat ion.  
Hardness Surveys 
The r e s u l t s  of t he  hardness surveys indicated t h a t  the 716 weld metal was 
harder (Rockwell "B" 41),  due t o  precipi ta t ion-hardening,  than the 4043 f i l l e r  
mater ia l  (Rockwell "B" 2 8 ) .  The hardness of the 716 weld metal accounts f o r  
t he  increase i n  s t rength  of t h i s  f i l l e r  mater ia l  a s  compared with the  4043 metal. 
It should a l s o  be noted, from Figure 13, t h a t  t he  716 weld metal has a g r e a t e r  
v a r i a t i o n  i n  hardness. This var ia t ion  could probably be caused by t h e  micro- 
segregat ion r e s u l t i n g  from the  mixing of t he  2014-T6 copper-bearing aluminum 
a l l o y  sheet  and the copper-bearing aluminum f i l l e r  ma te r i a l ,  716 a l l o y .  
microphotograph of t h i s  segregation can be seen i n  Figure 14, and enlarged i n  
Figure 15. Figures 16 and 1 7 , a r e  macrographs of t he  hardness survey. 
A 
A s  can be seen i n  the  hardness t ransverse p l o t ,  Figure 13, t h e  heat-affected 
zone of t he  716 weldment has experienced more. annealing than the  4043 weldment. 
Special  n o t i c e  should be taken of t he  area immediately adjacent  t o  the  fusion 
l i n e  i n  t h e  716 weldment hardness t ransverse.  
was experienced a s  compared with no such drop i n  hardness of the 4043 weldment. 
Another drop i n  hardness t o  Rockwell "B" 45 from 52 was experienced i n  t h e  716 
A reading of Rockwell '"B" 31 
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weldment at a distance of .200 to .240 inch from the center of the weld. These 
noticeable changes in hardness, due to the annealing that takes place in the 
heat-affected zone are caused by the welding heat. This annealing could probably 
be caused by the fact that more of the energy input (the same in both weldments) 
is dissipated into the heat-affected zone since the 716 filler material- has a 
filler material. This theory would require additional investigation. 
.lOO°F lower melting temperature and required less heat to melt than the 4043 
Meta 1 lographic Results 
The effects .of the welding process and filler material on the mechanioal 
properties is of considerable interest to the Pershing welding component 
program at MartinyOrlando. 
investigation are specifically affected. The effects of the heat-affected zones 
on the microstructure are secondary. 
The microstructures.of the two weld metals under 
Because of the very high rates of solidification (much greater than 
experienced in any casting process), deposits exhibit very fine dendrite textures 
leading to unique mechanical properties and rapid response to'heat-treatment, 
if required after the welding operation. This fine microstructure of the inertc 
arc weld deposit is shown in Figures 14 and 15 for the 716 weld.meta1 and Figures 
18 and 19 for -the 4043 weld metal. As can be seen from these microphotographs, 
the dendrites in the weld metal are very fine and do not have the typical tree- 
like structures so often observed in castings. 
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Figure 13 e. Hardness Survey on 0.063-inch 2014-T6 Aluminum Alloy Sheet 
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(1OOx) Neg. #0551 (500%) Neg. #0574 
Figure 18. 4 4043 Weld Metal Figure 19. Enlargement of 4043 
Weld Metal 
Transverse to Arc Travel and 
of 5 700 iduleshch.  
erpendicular to the Plate Surface Ener 
The fine structure observed is due to the rapid solidification of the weld 
deposit. This does not permit time for the nucleated grain to grow as it would 
in a casting. The high rate of solidification permits very’little liquid metal 
to form and very little diffusion to take place. Thus, in-effect, the dendritic 
mechanism of solidification is the means by which nature solves the mass transport 
problem which results in the liquid when aluminum-rich crystals precipitate from 
an aluminum-copper melt similar to the inert-arc weld deposit (Reference 12). 
The interdendritic spacing, which can be observed metallographically, is 
an important structural characteristic of many cast alloys. 
of the dimensions of the liquid zones which were prevalent during solidification. 
Since the mass-transport theory governs this characteristic dimension and it is 
time dependent, it should be expected that the more rapid solidification, the 
finer the dendritic structure (Reference 12). 
It is a measure 
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The energy input used in this investigation was the same for both filler 
metals; hence the structures were about equal. If different energy inputs 
were used, differences in the size of the weld metal dendrites would be noted. 
In Figure 14, microsegregation can be observed in the 716 weld metal. This 
phenomenon was possible because the filler material in question was an aluminum- 
copper alloy which is more prone to partial "unmixing" brought about by the 
freezing of the molten weld deposit. 
fact that, when a solution starts to solidify, the composition of the first 
solid which forms is substantially different from that of the liquid. 
This microsegregation is caused by the 
The detailed pattern in which the solute (copper) distributes itself 
relates to the dendritic character of solidification which, in turn, results 
from the limited rate with which solute (copper) can diffuse through the 
liquid during freezing. It can be observed that there is no microsegregation 
present in the 4043 weld metal structure (Figure 18). To elimi'nate the micro- 
segregation present in the 716 weld metal, a suitable heat-treatment would be 
required to permit diffusion to take place and result in a homogeneous structure. 
The fusion line microstructure for the 716 and 4043 weldments is shown 
in Figures 20Iand 22 respectively. Here it can be seen that tree-like dendrites 
did form since solidification started here first and there was time for diffusion 
to take place. The center of the weld metal freezes last and very rapidly, and 
results in the fine structure. These microphotographs show that the 716 fusion 
line has a coarser dendrite structure than the 4043 structure with a more 
pronounced segregation. These factors can be the contributing items, to the 
greater ductility of the 4043 transverse bend specimens. Additional discussion 
of the factors affecting the bend ductility will follow later. 
As indicated by the hardness transverses and microphotographs (Figures 
20, and 22), the heat-affected zone in the 716 weldmenthad a larger amount 
of annealing than 'the 4043 weldments. 
(5,700 joules/inch for both filler materials), the apparent difference in heat 
input observed in the heat-affected zone may have been due to the difference in 
heat-absorption while the two filler materials were melted. 
Since the energy input was the same 
The 4043 filler material has a liquidous temperature, about 100°F higher 
than the 716 metal. Additional experimental work would be required to prove 
this hypothesis. 
A microphotograph of a typical cross-section of a transverse-bend 
specimen which fractured in the heat-affected zone is shown in Figure 23. Here 
failure was due primarily to the continuous intermetallic grain-boundary 
precipitate (Cu A12) caused by the heat of welding. This instance is typical in 
the majority of like projects. Other intermetallic compounds which may form at 
the grain-boundary and have added to the brittleness include the Al-Cu-Fe-Si 
constituent and Cu Mg Si4 Al4 (Reference 13). This brittle grain-boundary 
network of intermetal ? ics, bordering the fracture and completely encompassing the 
adjacent grains, is very evident. The inert-arc welding process has caused 
the sheet material in the heat-affected zone to be rapidly heated to a very high 
temperature for a short time and then coo1e.d to room temperature. The material 
does not remain at the high temperature long enough to result in incipient 
melting of the ternary and quarternary eutectics. However, during the cooling 
25 1 
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process 'large quantities of copper alumunide (CuA12) and other intermetallics are 
precipit.ated. The'quantity precipitated in a grain boundary is a function of 
the grain surface-to-mass ratio at that point. Resolution, or agglomeration, may 
be af%fect.ed by heat-treatment if maximum ductility and toughness are required in 
the.production weldment. (The fact that the 716 weld metal is strong, and 
possesses more ductility in the weld metal than the heat-affected zone, may 
be due to the very fine d&n&%tes plus a fine dispersion of intermetallic com- 
pounds established by the-rapid solidification rate after welding.) Since the 
Pershing weldments are used in the as-welded condition some of the ductility 
loss in the transverse bend specimens may be caused by this grain-boundary 
precipitate. Serious loss of ductility is precluded by the simultaneous forma- 
and artifically-aged weldments (Reference 13). 
'tion of a soft and ductile matrix which is not present in the solution-treated 
The occurrence of intergranular precipitants in the heat-affected zone 
(copper-bearing aluminum alloys) lowers the corrosion resistance of unclad 
material. This applies to a lesser degree, in clad materials if and when 
protective cladding is removed by corrosive chemical cleaning solutions. 
Therefore, care must be taken to limit the time of exposure and to prevent 
the use of these corrosive'solutions. Only by these precautions, can inter- 
granular corrosion be controlled. 
The mictostructyre study of the .112-inch sheet weldments was similar 
to the -063-inch sheet weldment results. 
The Reeves restrained crack-sensitivity sheet specimen test did not pro- 
duce cracking in either the 716 or the 4043 filler material when normal air 
cooling was used. (See Figure 24.) However, one.112-inch thick 4043 restraint 
specimen did crack in the weld when air blast was used. Another 4043 specimen, 
.190-i?ch thick, also cracked but this occurred in the 4043 fillet weld that 
restrained the sheet specimens (Table ,uXXIV). The fillet weld filler material 
was changed to 716. filler metal and the restraint test duplicated, using the 
4043 material for the test weld and air-blast coaling. No cracking resulted. 
'One possible cause for the few cracks is the fact that extra-heave duty "C" 
clamps were not available to hold the sheet specimen to the restraining plate 
during the fillet welding operation. This lack of pin-pointed restraint per- 
mitted the sheet specimens to open up the root gap to .035-inch. This opening 
did not permit the original tight butt-joint which would have produced some of 
the residual stresses which help induce cracking. However, the 4043 weld metal 
did crack under the restraint present for two of the test specimens. The 
writer had used the same test to produce cracks -in Inconel with excellent 
results. Other investigators have also used this restraint test to successfully 
check filler material crack susceptibility. 
From the start of the weld-filler-material-evaluation program, the 2014 
weldments were known to lack ductility. However, the minimum ductility 
required in a pressure-vessel To help answer this 
question, the simple and inexpensive N.R,L. sheet bulge test was used to evaluate 
weldments under simulated operating conditions, and also to act as a small 
weldment was not know?. 
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Neg. #0617 (50% Reduction) 
pressure-vessel t es t  i n  i t sel f .  
(Table XXXV). 
t i o n  f o r  weld-zone performance t o  determine any p o t e n t i a l  weak weldment area.  
The bulge tes t  was used f o r  comparison 
Since t i m e  was a f a c t o r ,  t h i s  t e s t  was given only l imited appl ica-  
The tes t  r e s u l t s  i n  Table XXXV, show no f a i l u r e s  i n  any of t he  specimens 
t e s t e d  with the  wele bead i n t a c t  a t  room temperature (+78OF), e levated-  
temperature (+160°F), o r  sub-zero temperature (-65'F). The t h r e e  ranges simulated 
t y p i c a l  operat ing condi t ions f o r  missiles of t h i s  type. The bulge heights  i n  a l l  
the'specimens with the  weld reinforcement i n t a c t  were measured, and i t  was found 
t h a t  t h e  roo t  specimens (the roo t  f i b e r s  having the  maximum s t r a i n )  had the  l a r g e s t  
de f l ec t ion .  
which i s  less than t h e  face reinforcement of t he  weldment and the re fo re ,  not a s  
s t rong.  
both t h e  face and roo t  of t h e  weldment, f a i l u r e  was obtained. This occurred 
when t h e  t e s t  was conducted a t  room temperature (780F). The tes t  specimens, 
welded with t h e  716 f i l l e r  mater ia l ,  f a i l e d  with low d u c t i l i t y  i n  t h e  hea t -  
a f f e c t e d  and fusion l i n e  a r e a s  a s  shown i n  Figure 25. The 4043 test  specimens 
f a i l e d  i n  t h e  c e n t e r  of t he  weld metal (Figure 26), Although a l imi t ed  number 
of t es t s  were made i n  t h i s  series, it became e v i d e n t ' t h a t  t he  716 f i l l e r  mater ia l  
was t h e  s t ronger  of t h e  two tes t  metals. 
The reason f o r  t h i s  g r e a t e r  bulge was the roo t  weld reinforcement 
When t h e  weld reinforcement was removed f l u s h  with t h e  base metal ,  from 
To take advantage of t he  shee t  bulge t e s t  f o r  the weld-zone performance 
tes t ,  a bulge height  must be determined t h a t  corresponds before  the  y i e l d  point  
i s  reached, using a 0.2 percent o f f s e t  by obtaining s t ra in-gage readings. 
Additional work must be done with various d i e s ,  The tests conducted i n  t h i s  
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series used the open-die, the maximum 300-lb test load, the maximum drop-height 
of eight feet causing forced fractures. 
ance under known conditions of elastic or plaetic strains, it is necessary to 
limit the allowable bulge deformation with the help of interchangeable, solid 
die-cups for increasing bulge depths. By investigating these test conditions, 
-information will be provided to determine the origin of failure, the level 
of prefracture deformation at which failure initiates, the presence, or absence, 
of preferential paths of failure, and the extent and type of resulting failure. 
To establish weldment fracture perform- 
The sheet and filler materials used in this.investigation were within the 
required applicable specification limits for the particular material in question. 
All the tests conducted in this investigation indicate that the 716 filler 
material is the stronger of the two. The 4043 filler material, in the majority 
of cases, had the greater ductility, When applied to the Pershing missile, the 
716 filler material should continue to be used with confidence as specified in 
the Army Ballistic Missile Agency speci.fication ABMA-PD-W-45A. 
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SUMMARY OF TEST RESULTS* 
This report describes a laboratory invesfigation of two weld metals and 
welded joints using the filler materials in alclad 2014-T6 sheet. These studies 
were made under controlled conditions in an effort to duplicate and ultimately 
find the best suited filler metal for Perehing component weldm'ents. The results 
of this investigation may be summarized as follows: 
1. The study of weldments made with high-purity shaved 716 and commercial 
high-quality vacuum -packed shaved 4043 filler materials indicate that both are 
basically equal as far as cleanliness is concerned. 4043 is somewhat cleaner. 
Both wires met ABMA-R-27A radiographic requirements, as specified for the Pershing 
missile. 
2. From a mechanical property standpoint, the use of 716 filler material 
in fusion butt-welded transverse tensile specimens, produced a weld of sig- 
nificantly higher yield strength (4 to 9 percent) when compared to the 4043 
material. 
respectively) e 
This is true at both room and elevated temperatures (78 and 600°F 
* All percentages are in referewe to base metal which was pulled at same temperature. 
I n  t h e  c r i t i c a l  temperature zone of 600°F, t h e  .063-inch i n t a c t  u l t imate  
and y i e l d  s t rength  r e s u l t s  of specimens welded with 4043 a r e  e s s e n t i a l l y  equal 
t o  those welded with 716. Removal of t he  weld reinforcement had'no e f f e c t  on 
t h e  716 specimens, bu t  reduced the  weld y i e l d  and t e n s i l e  s t r eng ths  of t h e  
4043 specimens by 7 and 9 percent.  
Room temperature .064-inch i n t a c t  u l t imate  t e n s i l e  s t rengths  a r e  essentdhl-  
l y  equal. 
716 specimens. 
by 15 and 7 percent respec t ive ly ;  and 4043 specimens, 21 and 12 percent respec t ive ly .  
I n  a l l  i n s t ances ,  t he  s t rengths  of t h e  weld j o i n t s  were more than adequate f o r  
Pershing appl ica t ion .  
Yield s t r e n g t h  of 4043 specimens i s  4 perceat weaker than comparable 
Removal of weld reinforcement lowered 716 u l t imate  and y i e l d  
Corresponding u l t imate  and y i e l d  s t r eng ths  of a l l  .112-inch t h i c k  716 
and 4043 specimens, pul led a t  room temperature, and 600°F, a r e  wi th in  0-12 
percent of each o the r  wi th  the  600°F specimens being wi th in  0-2 percent.  
3. Location of f a i l u r e  of t h e  bead-intact  4043 t e n s i l e  specimens was i n  
t h e  fusion area a t  room temperature i n  both the  .063 and .112-inch thicknesses.  
A t  600°F, f a i l u r e  occurred i n  t h e  heat-affected zone. 
A l l  i n t a c t  .063 and .112-inch 716 specimens, except f o r  .063-inch room 
The ,063-inch room temperature specimens f a i l e d  i n  t h e  weld near t h e  
temperature specimens, f a i l e d  i n  t h e  hea t -a f fec ted  zone a t  room temperature and 
600°F. 
fusion zone: 
Flush-bead specimens of both 716 and 4043 f a i l e d  i n  the  weld metal a t  
room temperature. 
while t h e  majori ty  of t h e  716 specimens f a i l e d  i n  t h e  heat-affected zone. 
A t  600°F, t h e  4043 specimens continued t o  f a i l  i n  t he  weld 
4. The longi tudina l  4043 free-bend tes ts  demonstrated t h e  b e t t e r  d u c t i l i t y  
of t h e  two f i l l e r  metals t e s t ed .  These r e s u l t s  included bead-intact  and f lu sh -  
bead specimens bent  a t  room temperature. The t ransverse  .063-inch free-bend 
specimens, bead-intact  and flush-bead, welded with both f i l l e r  mater ia l s ,  
f a i l e d  i n  the  same heat-affected and fusion a reas .  The bend angles t o  i n i t i a l  
f a i l u r e  and low d u c t i l i t y - t y p e  f r a c t u r e  were t h e  same f o r  both f i l l e r  mater ia ls .  
The t ransverse  0.112-inch free-bend specimens , bead-intact  and flush-bead , 
welded wi th  both f i l l e r  mater ia l s ,  f a i l e d  i n  t h e  same fusion dnd center  of t he  
weld metal zones. The c h a r a c t e r i s t i c  low-duct i l i ty- type f a i l u r e  occurred 
f o r  both f i l l e r  mater ia l s ,  although t h e  40G3 specimens had t h e  g r e a t e r  d u c t i l i t y .  
The t ransverse  0.063-inch guided-bend specimens, bead-intact ,  welded with 
716 f i l l e r  ma te r i a l ,  f a i l e d  i n  t h e  fusion zone and had t h e  g r e a t e r  d u c t i l i t y  than 
the  bead-intact  4043 specimens which f a i l e d  i n  t h e  weld metal. The flush-bead 
specimens, welded with both f i l l e r  mater ia l s ,  f a i l e d  i n  t h e  weld metal. 
4043 specimens had t h e  g r e a t e r  d u c t i l i t y .  A l l  f a i l u r e s  were low-ductil i ty-type 
i n  nature .  No 0.112-inch t ransverse  guided-bend specimens were made. Therefore, 
no r e s u l t s  a r e  reported.  
The 
5. a f t e r  288 hours of exposures 
i n d i c a t e  t h a t  corrosion Denetrates a maximum of one-half t he  thickness  of t he  
cladding mater ia l  i n  unwelded and heat-affected weldment zones. 
corrosion was apparent i n  e i t h e r  of t h e  mater2als invest igated.  
No appreciable  
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6. Hardness transverse tests indicate that the 716 filler material is harder 
than its 4043 counter part because of precipitation hardening. 
metal has greater variations in hardness than 4043 weld metal, and 716 -produced 
more pronounced annealing of the fusion and heat-affected zones. 
The 716 weld 
7. Metallographic examination revealed the follovting: 
(a) brittle grain-boundary intermetallic $compounds are responsible for 
the reduced ductility of the heat-affected hone of 2014 aluminum-alloy 
sheet weldments. 
(b) 
fine microstructure which contributes to the strength of the weld metal. 
the high solidification rates of inert-arc welds result in a very 
(c) 
the 4043 weld metal. 
the 716 weld metal was more susceptible to microsegregation than 
(d) the arc-energy input, used in the welding process, determined the 
weld metal solidification rate, and subsequent degree of fineness of the 
weld metal, fusion., and heat-affected-weldment zones. 
8 .  Weld metal cr,acking did not occur in either filler material when normal 
air cooling was used. 
when air blast cooling was used. No cracking was produced in 716 weld metal 
regardless of the method used. 
However, some cracking was produced in the 4043 specimens 
CONCLUSIONS AND RECOMMENDATIONS 
1. The 716 filler material should continue to be used fo-r the welding of the 
Pershing missile. This is because of the 0-10 percent higher yield and ultimate 
tensile strength level, and its apparent resistance to crack-susceptibility under 
severe restraint, as specified in the Army Ballistic Missile Agency specification, 
ABM -PD -W -45A. 
2 .  The vacuum-packed, high-quality shaved, HMO43 filler is recommended for 
production under emergency conditions. This should be subject to the establishment 
of design allowables, for aft skirts and most probably G & C sections and 
acceptance by both Engineering and the Customer. 
3. Both the 716 and 4043 filler materials produbed acceptable, radiographically 
clean welds, per ABMA-PD-R27A specifications. 
4. Less microporosity was obtained with the commercially available, vacuum- 
packed, high-quality and shaved 4043 filler material when compared to the 
specially ordered, high-purity and shaved 716 filler material. 
5. The 4043 fred-bend specimens had better ductility than the 716 specimens. 
For the Pershing missile applications, the ductility obtained in the 716 speci- 
mens is satisfactory. 
6. Hardnegs transverses indicate that a harder weld deposit and more anneal- 
ing of the 2014-T6 base-metal is obtained with the 716 filler material. 
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7. Metallographic examination revealed t h a t  d u c t i l i t y  i s  reduced i n  the 2014- 
T6hea t - a f f ec t ed  zone due t o  the  p r e c i p i t a t i o n  of the  b r i t t l e  CuA12 e t  a 1  inter- 
me ta l l i c s  a t  the  grain-boundaries a s  a r e s u l t  of welding heat? 
8 ,  Due t o  the  grain-boundary p r e c i p i t a t i o n  i n  the  heat-affected zonel 
s ion  time i n  chemical c leaning tanks must b e  l imi ted  t o  prevent in te rgranular  
a t t a c h  i n  a reas  not protected by alcladding.  
a r eas  not  protected by a l c l a d  and t o  a l e s s e r  degree, weldments i n  a l l  'alclad 
copper -bearing aluminum subassemblies . 
immer- 
Spec i f i ca l ly ,  t h i s  appl ies  t o  
9. The 716 f i l l e r  ma te r i a l  appears t o  be suscept ib le  t o  microsegregation 
while  4043 does not .  
10. Metallographic examination revealed very f i n e  dendr i tes  a r e  formed i n  
the  weld metals.  These a r e . a  r e s u l t  of r ap id  s o l i d i f i c a t i o n  which is  cont ro l led  
by both t h e  r a t e  of c h i l l  and the  arc-energy input  during welding. 
11. The Reeves restra ' ined t e s t  indicated t h a t  4043 weld metal was somewhat 
more c rack-sens i t ive  than 716 under severe r e s t r a i n t  and r ap id ly  cooled with 
an a i r  b l a s t .  Under severe  r e s t r a i n t ,  and normal production cooling r a t e s s  
no f a i l u r e s  okcurred. i n  e i t h e r  mater ia l .  
12. The Naval Research Laboratory sHeet bulge test.showed t h a t  weld j o i n t s ,  
bead i n t a c t ,  made with e i t h e r  f i l l e r  ma te r i a l ,  can be deformed without f a i l u r e  
and t h a t  the  f lu sh  4043 weld j o i n t  w a s  weaker than the  s imi l a r  j o i n t  welded with 
716 f i l l e r  w i r e .  Additional work should be performed with t h i s  t e s t  as a weld- 
zone performance gauge. 
13. A second vendor must be developed t o  supply high q u a l i t y  716 f i l l e r  
materfal .  
14. Careful ly  cont ro l  t he  arc-energy input ,  and pe r iod ica l ly  examine too l ing  
zo insure  adequate c h i l l i n g ,  t o  minimize the  formation of grain-boundary i n t e r -  
m e t a l l i c  compounds i n  the  hea t -a f fec ted  zone of t he  weldment. 
Bend Test  Data 
Spec i f i c  da ta  i s  recorded i n  Notebook No. 2251 and w i l l  be made a v a i l a b l e  
on request .  
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D I S C U S S I O N  
Mr. Jackson: Thank youo Mr. Hutchinson, I think it's sort of a delight 
to hear a real engineering paper this afternoon which as a whole was very 
successful. 
we had this morning, 
know what in the world happened. 'I think that ham luncheon that we had 
probably solved a lot of problems. 
some comments and questions, 
Almost everything worked all right, after some of the troubles 
I don't 
But we have a few minutes here just for 
You didn't even mention the word- "hydrogen", 
Anybody want to start it? 
Question: Were all these tests run in the as-welded condition or were 
any of them solution heat treated and aged? 
Mr. Hutchinson: All of these tests were run in the as-welded condition. 
The only heat treatment that the specimens got was that which they received 
on testing at 600 degrees, I can class that as somewhat of a heat treat 
because the weld did get stronger than the base metal. 
Question: 
chilling'and so forth? 
What type of material did you use in your back-up bar for 
Mr. Hutchinson: Yes, Itd say...possibly interesting too...we used a 
steel back-up bar. 
gas entrapment---when we used copper. 
steel. 
results between the copper and the steel were not significantly different, so  
we chose steel, which gave us a lower solidification rate and, as a result, 
less gas entrapment, 
We noticed that we ran into a lot#of gas---hydrogen 
So we tried copper, stainless and carbon 
Their thermoconductivities are significantly different but the tensile 
It helped us quite a bit. 
Mr. Jackson: D o  we have another question? 
Mr. Saperstein: I'd just like to make a brief comment, if I may, We 
have performed some work on the 716 and 4043. From the standpoint of fracture 
in the presence of a partial thickness crack and in the work that we have done 
both at room temperature and at minus 423O, the 716 is less tolerant than the 4043. 
This is talking about a weld that is approximately 6 percent silicon, in the case 
of the ,716, and about 3 percent copper, as compared to roughly 3 or 4 percent 
silicon and somewhat lower copper in the 4043 weld. S O ,  I am just saying this 
to interject an area where, for certain applications, it may not be desirable to 
use 716. 
Mr. Jackson: Thank you. Here's a question here. 
Mr. Platt: I wonder if you were working with alclad material? 
Mr, Hutchinson: Yes, thatts correct. 
Mr. Platt: And I wonder, did you run any corrosion'tests? 
Mr. Hutchinson: Yes, we did. 
Mr, Platt: Was it better or worse than the 4043? 
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M r .  Hutchinson: We d id  run some corrosion tests. Specimens were 
subjected t o  s a l t  spray, 5 percent so lu t ion ,  95OF, a t  about 96 t o  98 percent dew- 
point.  Due t o  the  f a c t  t h a t  t h e  specimens were a l c l a d ,  of course, t h e r e  w a s  
no de le te r ious  e f f e c t  i n  t h e  h e a t - a f f e c t  zone, They were protected.  There w a s  
some apparent a t t a c k  on t h e  weld, but  nothing extraordinary.  These were t e s t e d  
f o r  some 244 hours. On micro sect ioning,  w e  did n o t i c e  t h a t  we go t  a l i t t l e  b i t  
of pene t ra t ion  which amounted t o  a r a t h e r  i n s i g n i f i c a n t  amount---maybe a ha l f  
a m i l  o r  so. 
M r .  P l a t t :  On t h e  716? 
M r .  Hutchinson: On t he  a l c l a d ,  But i t  seemed t o  be general  type 
corrosion on the  f i l l e r  w i r e s .  
M r .  Jackson: W e  have t i m e  f o r  one more question. Yes? 
M i s s  Brennecke: 
you had,higher  p r o p e r t i e s  by rehea t  treatment.  
your room temperature values  the re  wi th  t h e  716 and with the  4043? 
I had i n  mind w a s  t h a t  t h e r e  might be a p o s s i b i l i t y  of showing*a g r e a t e r  
advantage with t h e  716 i n  a heavier  p l a t e  because t h e r e  i s  less intermixing. 
I n  regard t o  716 f o r  the 112 inch material, you indicated 
Do you have any comparison of 
The thing 
M r .  Hutchinson: W e  don ' t  have r e s u l t s  a s  such, but t he  a c t u a l  t es t  f l i g h t  
of t he  a r t i c l e  showed t h a t  t h e  p a r t  f a i l e d  where t h e  weld occurred, and i t  
obviously was much s o f t e r  when welded with 4043# responding very poorly t o  
hea t  treatment.  
hardness comparable t o  t h a t  of the base metal. 
It could be machined very e a s i l y ,  while t h e  716 demonstrated 
M r .  Jackson: Thank you. 1111 t u r n  the  meeting back t o  J i m  Orr. 
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ABSTRACT 
The feasibility of monitoring inert-gas metal-arc welding-process 
shields for contamination by hydrogen, oxygen, and nitrogen by using 
special spectrographic techniques was studied. These techniques are 
adaptable to continuous monitoring of production whlding. 
nonconsumable and consumable metal-arc processes were considered. 
welding was performed on commercial 6061-T6 aluminum and-a pure aluminum 
standard prepared by a consumable vacuum-arc melting technique, 
Both 
The 
The image of the arc was focused on the external limiting aperture 
of the spectrograph to mask the glowing electrode and the work metal. 
spectrograph slit was illuminated with integrated light, The arc was 
maintained in a fixed position, and the work metal was moved to accommodate 
the present spectrographic equipment. 
The 
The spectra were recorded photographically in the 6200-to 8800-A 
region. The analytical lines, and the 8216.5-A nitrogen line. The 
7147.5-A argon line was used as the internal standard line. 
reference line was used because of the possibility of using a four-cell 
readout system in the future. 
A single 
Changes in contamination levels due to moving air, shield-gas flow 
rate, and moisture were studied. Appreciable differences were fousd in 
the purity of commercial argon and helium. 
contamination in the shield gas was reduced considerably when the upper 
wire guide in the torch was blocked with a flow of inert gas. 
In the consumable process, 
In most of this study a mixture of 50 percent angon and 50 percent 
The sensitivity of the contaminating gases was 
helium was used as the shield gas, 
was also briefly studied. 
less in argon than in the argon-helium mixture at the same amperage. 
addition, argon caused a very high background, 
sensitive to contaminants; the pink color of the arc faded, and the intensity 
of the helium lines recorded spectrographically decreased as small 
quantities of argon or the atmospheric contaminating gases-were added. 
indicates that this arc is carried largely by the ions of foreign gases, 
Atmospheric contaminants and filler wire caused some cohling of the argon- 
helium arco 
The used of pure argon and pure helium 
In 
The helium arc'was very 
This 
The standard deviation of the oxygenlargon and hydrogenlargon ratios 
was excellent -- better than that found in most standard spectrographic 
procedures. Different current levels had little effect on the Bxygen-argon 
ratio, as indicated by the same calibration curve for three current levels, 
The similarity of the calibration curve for wire alloy 4043 to the curve for 
the arc#only without filler wire,indicates that matrix effects are much 
smaller than expected. This is also indicated by the similarity of the 
calibration curves for each of the four wire alloys. 
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INTRODUCTION 
The steadily growing requirements in the field of welding are 
requiring a better knowledge of the art and science of welding and better 
quality control. Since a welding arc can be thought of as a high energy 
excitation sourc'e, it would appear feasible to apply emission spectrochemical 
techniques to determine the atmospheric contaminants in inert gas welding 
shields e 
This paper discusses the application of emission spectroscopy to 
the monitoring of the inert-gas metalarc welding shields for the atmospheric 
gas, nonconsumable) and the MIG (metal inert gas, consumable) arcs were 
studied, but with the emphasis on the former process. 
EQUIPMENT AND MATERIALS 
The spectrograph was a Jarrel-Ash 3.4-meter Ebert mount instrument, 
model JA-7120, with a 15,000-line/inch plane grating blazed for 4,000 A in 
the first order. A Jarrel-Ash comparator microphotometer, model 2100, was 
used for densitometric measurements in the plates. 
The photographic emulsions used were I-N and IV-N. The IV-N is a 
higher-contract, slower-response emulsion than the I-N, but sufficient 
light energy was available to use the I-N emulsion in the near-infrared 
region. This emulsion was not used at all times, however, because it was 
not readily available. Only 2-to 3 second exposures could be made with the 
I-N emulsion, except when a relatively dense, neutral filter was included in 
the light path. The longer exposure times, 15 to 30 seconds, which were possible 
with the IV-N emulsion made small variations in time negligible. 
The power source was a Miller model 360P AC-DC welding power unit. 
Some preliminary experiments were conducted using the Jarrell-Ash custom 
VariSource as the low-voltage DC arc source and a Stallwood jet (7,8). The 
Stallwood jet is a small, controlled atmospheric chamber often used in 
spectrochemical analysis. 
The shield gas used in most of this study was 50 percent argon-50 
percent helium. Argon and helium were used for some comparison studies. 
pure argon, 99.999 percent obtained from the Linde Company, was used in order 
to have a reference for gases of known purity. 
Very 
A Linde HW-10 Heliarc water-cooled torch and an Aircomatic model C 
automatic unit were used for the nonconsumable metal-arc welding processes, 
respectively. 
guide and wire speed control in the-TIG process. 
The Aircomatic Unit was later modified €or use as a wire 
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Four aluminum alloy wires were used: compositions 4043, 5556, and 
2319, and a copper-clad aluminum wire. 
The rotating positioner, used as the work metal, was designed and 
built from 5-1/2-inch-diameter9 3/8-inch-wall aluminum alloy 6061;T6 pipe. 
The positioner was driven by a variable-speed moter coupled to a variable- 
speed torque converter. 
the weld bead did not overlap as the drum rotated. 
insulating mounts were found to be'satisfactory. 
The shaft was threaded and turned in a nut, so that 
Heavy silicon rubber 
A degassed aluminum cylinder was prepared to eliminate possible 
sources of contamination, impurities, and gases in the 6061-T6 alloy. This 
cylinder served as a standard. 
vacuum-arc melting technique at a pressure of about 5)16f mercury. 
casting was machin$d,centered-drilled, and mounted on a shaft as described 
above. After use, the filler aluminum and the oxidized metal were removed 
by "machining down" the positioner to new degassed metal. 
It was cast by a consumable-electrode 
The 
Thq flow rate of the inert shield gas and of gas mixtures of known 
contamination was measured by four calibrated rotameters. 
0 to 2000 ppm, of contaminants were added in the shield gas line about 10 
ft from the torch. 
mixture used. The known 50 percent argon -- 50 percent helium 
mixture contained 1 percent each of the contaminating gases: oxygen, 
hydrogen, and nitrogen. 
becaused the heavier fractions in gas mixtures are reported to slowly 
concentrace in the bottom. 
Known quantities 
The rotameters were calibrated for each gas and gas 
The tanks were occasionally stored horizontally 
EXPERIMENTAL PROCEDURES 
The basic experimental layout for the TIG (tungsten inert gas, 
nonconsumable) process is shown in Figure 1. The positioner (work metal) 
can be adjusted to keep the arc in proper optical alignment. 
experimental layout for the M I G  (metal inert gas, consumable) procesd was 
similar, except that the torch and heavy head were mounted in a fixed 
position above the positioner. 
The 
The imaging configuration for the TIG arc is shown in Figure 2A. 
The light from the arc is passed through a lens and is reflected by an 
angle mirror to the external limiting aperture of the spectrograph. 
image of the arc is focused on the aperture. Th6 light then' passed through 
the condensing lens, so that the spectrograph slit is filled with integrated 
light. The ratio of the image size to the arc size was approximately 1:l. 
The 
The position of the M I G  arc image on the limiting aperture is shown 
in Figure 2B. 
spray in the arc'was expected to produce strong background. 
reproducing the position of the arc in this configuration was difficult, 
and this positioning of the arc was found to be very critical with respect 
to reproducibility and sensitivity. Later'work indicated that possibly 
This configuration was used because radiation from the metal 
However, 
G arc can also be imaged directly in front of the slit. 
I Standard A procedures were used for photographic processing, 
plate calibration, and photometry (Reference 6). 
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Cal ibra t ion  curves,  which a r e  necessary f o r  t he  a n a l y s i s  of 
unknowns, were prepared by addi t ion  of 0 t o  2000 ppm of contamihating 
gas t o  the  i n e r t  sh i e ld  gas.  The general  procedure was t o  a r c  t w d  o r  
more blanks ( i . e . ,  no contaminant gas added), a r c  known amounts o f '  
contaminating gas from 20 t o  2000 ppm, and then a r c  two o r  more addi t iona l  
blanks 
Cal ibra t ion  curves w e r e  prepared f o r  each contaminant with each 
w i r e  a l l o y  present  and with no wire a l l o y  present .  
prepared f o r  t hese  d i f f e r e n t  condi t ions because the s lopes of the curves 
w e r e  expected t o  be d i f f e r e n t  due t o  the  cool ing o r  matrix e f f e c t s  and t o  
r e s i d u a l  contamination in, the w i r e  a l l o y .  A t yp ica l  c a l i b r a t i o n  curve 
f o r  oxygen i s  shown i n  Figure 3 .  The l e v e l  of r e s idua l  contamination 
was determined from the c a l i b r a t i o n  curve by the  method of successive 
approximation (Reference 1) o r  by the point-of- intersect ion method. This 
r e s i d u a l  contamination may be due t o  turbulence o r  t o  impuri t ies  i n  the  
s h i e l d  gas,  the working metal ,  and the  w i r e  a l l o y .  One tank of s h i e l d  
gas was found t o  conta in  approximately 1000 ppm of oxygen. 
These curves were 
RESULTS AND DISCUSSION 
The s p e c t r a  of t he  i h i e l d  gas and the  contaminating gases were 
s tudied and the a n a l y t i c a l  l i n e s  se l ec t ed .  Several  ,sources of possible  
contamination and t h e i r  e f f e c t s  on the s p e c t r a l  response t o  the l e v e l  
of contamination were examined. The c a l i b r a t i o n  o r  working curves, which 
a r e  necessary f o r  a monitoring procedure,were prepared and some of t he  
f a c t o r s  t h a t  may e f f e c t  the s lopes of these curves were s tudied.  
Spectra  and Analyt ical  Lines 
- I 
The spectra' i n  t he  region from 6200 t o  8800-A were s tud ied ,  s ince  
t h i s  region contains  the a n a l y t i c a l  l i n e s  f o r  oxygen and hydrogen. Nitrogen 
l i n e s  a r e  present i n  the 4000-A region, but t h e i r  e x c i t a t i o n  p o t e n t i a l s  
(13.7 ev) a r e  higher  than those f o r  the l i n e s  i n  the 8000-A region ($11.8 ev).  
Although some of t h e  l i n e s  i n  t h i s  region have already been s tudied f o r  
conventional spectroscopic procedures using low-current a r c s ,  addi t iona l  s tudy 
was required s i n c e  a tomicspec t ra l  l i n e s  do no t  behave i n  t h e  same mauner 
under a l l  condi t ions.  The high-current a r c  used i n  t h i s  s tudy may cause the  
l i n e  contour t o  'change t o  a broadened, more d i f f u s e  l i n e  (Reference 5 ) .  
The a n a l y t i c a l  l i n e s  se lec ted  were: oxygen, 7771.9 A ,  (10.73 ev ) ;  
hydrogen, 6542.8 A ,  (12.09 ev);  and ni t rogen,  8216.5 A ,  (11.84 3v). The 
7147.5-A argon l i n e  (13.3 ev) was used a s  the  i n t e r n a l  standard l i n e .  A 
s i n g l e  reference l i n e  was used i n  view of t h e  p o s s i b i l i t y  of using a four- 
c e l l  readout system i n  t h e  f u t u r e .  The argon 7891.1-A l i n e ,  used by 
Fasse l  and co-workers (Reference 2, 3 ,  and 4) i n  t h e i r  procedures f o r  
oxygen i n  metals,  and the 7272.9-A l i n e  were found t o  be unsa t i s fac tory  
before the 7147.5-A l i n e  was adopted. The nigtogen 8216.5-A l i n e  was 
found t o  have b e t t e r  c h a r a c t e r i s t i c s  than the ni t rogen 8680.4-A l i n e .  
27 1 
0 
0 
(\I 
0 
0 
0 - 
0 
0 
Lo 
0 
0 - 
0 
Lf3 
0 
N 
0 -
272 
Shield-Gas Flow Rate 
A shield-gas  flow rate  of 20 cfh w a s  used i n  most of the  s tud ie s  
This flow ra te 'was  se l ec t ed  by v i sua l  inspec t ion  with t h e  TIG process.  
of t he  weld area a f t e r  using a 150-amp AC a rc .  
of flow rates from 5 t o  45 c fh  on a 150-amp AC TIG a r c  .using a 5116-inch 
I D  nozzle,  by measuring the  change i n  oxygen contamination. 
curve was obtained with a 150-amp DCSP arc. An examination of the f i g u r e  
ind ica t e s  t h a t  b e t t e r  pro tec t ion  w a s  obtained a t  25 t o  30 cfh.  ' A t  4 c fh  
the work metal  w a s  very black and deeply p i t t e d .  With the  DCSP a r c  t h i s  
e f f e c t  on the work metal was similar t o  but  l e s s  pronounced than t h a t  f o r  
the  AC arc. 
Figure 4_shows the  e f f e c t  
A similar 
Figure 5 shows the e f f e c t  of shield-gas flow rate i n  the MIG process 
using a 314-inch I D  nozzle. 
turbulence a t  the high flow rates w a s  not observed. 
The possible  increase  i n  contamination due t o  
Incoming Wire Guide 
A poss ib le  course of contamination i n  the MIG process i s  the a i r  
t h a t  can be 'drawn through the incoming wire guide by the p a r t i a l  vacuum 
crea ted  by the . f low of s h i e l d  gas. A brass  elbow, d r i l l e d  t o  admit the  
wire, was f i t t e d  over the top of the w i r e  guide.  S u f f i c i e n t  pressure was 
used so t h a t  the i n e r t  gas flowed through the hole  i n  the f i t t i n g  as wel l  
a s  down the  w i r e  guide. 
with a 30-cfh shield-gas  flow r a t e  i s  i l l u s t r a t e d  i n  Figure 6. 
The r e l a t i v e  change i n  the l eve l s  of Contamination 
Simulated Breeze 
Figure 7 represents  the r e l a t i v e  change i n  the contamination l e v e l s  
i n  the  MIG a r c  w i t h  a simulated breeze of 325 fpm. The " f i l l "  changed from a 
r e l a t i v e l y  smooth and s o l i d  bcead t o  one with a very rough and porous surface.  
The r e l a t i v e  l e v e l  of contamination, a s  expected i s  a func t ion  of 
breeze ve loc i ty .  
using a 150-amp DCSP a rc .  
inch from the work metal. 
t e c t i o n  a t  30 c fh  than a t  20 cfh.  
shielded with a flow rate of 30 c fh .  
This i s  i l l u s t r a t e d  i n  Figure 8 f o r  the TIG process 
A 5/16-inch I D  nozzle was approximately 114 
The s h i e l d  gas of fe red  considerably more pro- 
A ve loc i ty  of 900.fpm blew out  the  a r c  
Mois tu re  Ef fec t s  
I n  the  preparat ion of the preliminary c a l i b r a t i o n  curves,  blanks 
were arced a t  the  beginning and the  end of a series containing known 
q u a n t i t i e s  of contamgnants. It w a s  observed t h a t  the contamination l e v e l  
i n  the  blanks was o f t e n  less a t  the  end of the s e r i e s  t h a n , a t  the beginning. 
This suggested t h a t  moisture had been,absorbed on the cold work metal ,  
torch nozzle', o r  both.  
A s e r i e s  of spec t ra ,  s t a r t i n g  with cold work metal and torch,  were 
prepared during a 12-minute period by using the moving-plate technique., 
decr9ase i n  the  r e l a t i v e  contamination as i l l u s t r a t e d  by oxygen (Figure 9) 
ind ica ted  t h a t  moisture w a s  being dr iven o f f  the  work metal andlor  the 
ceramic nozzle by the  hea t  of the a r c .  
The 
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The e f f e c t  of moisture i n  the  sh ie ld  gas o r  i n  the gas l i n e  was 
i l l u s t r a t e d  by i n j e c t i n g  0.05 m l  of water i n t o  the  sh i e ld  gas stream about 
20 f e e t  from the torch  and recording the spec t ra  f o r  oxygen (Figure 9) by 
The sudden rise is  due t o  the sa tura ted  gas 
reaching the arc,  and the gradual decrease represents  the moisture being 
desorbed from the i n t e r i o r  w a l l  of the tubing. 
, the moving-plate technique, 
Occasionally very high r e s u l t s  obtained i n  the  20- t o  100-ppm 
range were observed, e spec ia l ly  when the torch had not been used f o r  a few 
days. Possibly desorbed moisture from the tubing wal ls  and rotameter was 
ca r r i ed  i n t o  the  a r c .  When these surfaces  were purged with dry gas before 
use, high r e s u l t s  were not obtained.  
Cal ibra t ion  Curves 
I p  a spectrographic  procedure, c a l i b r a t i o n  curves a r e  prepared 
keeping a s  many parameters such a s  cu r ren t ,  a r c  length,  composition of the 
matr ix  (major elements p re sen t ) ,  and time of exposure, a s  constant  as  
possible .  The c a l i b r a t i o n  curves are used a s  the references t o  determine 
the unknown ,concentrations.  I f  t he  i n t e n s i t y  of a spectrum increases  
proport ional ly  a s  the concentrat ion of the t e s t  element increases ,  then 
a c a l i b r a t i o n  curve (Figure 3) can be prepared. 
Cal ibra t ion  curves f o r  oxygen, hydrogen, And ni t rogen were prepared 
with 50 percent argon- 50 percent helium and with argon as the sh i e ld  
gas.  The near ly  l i n e a r  response a s  the concentrat ion of oxygen increased 
ind ica ted  t h a t  anana ly t i ca lp rocedure  was possible .  The s lope of the curve 
ind ica t e s  the s e n s i t i v i t y  of the sh i e ld  gas to the contaminant. The lack  
of response a t  the lower concentrat ion shows t h a t  r e s idua l  contamination 
was present ,  i . e . ,  about 50 ppm of oxygen f o r  t h i s  tank of gas and mater ia l s  
used. This value var ied from tank t o  tank of gas .  
50 Percent Argon-50 Percent Helium 
Figure 10 shows the c a l i b r a t i o n  curve f o r  oxygen i n  the TIG a r c  
with 150-, loo-,  and 50-amp DCSP a r c s  using 50 percent argon -50 percent 
helium. Thus i n t e n s i t y  r a t i o s  were the same a t  each cur ren t .  However, 
a s  expected, f o r  the 100- and 50-amp a rc s  more time was required t o  obta in  
equivalent  l i n e  darkening on the spectrograph p l a t e s .  
. Argon 
The s e n s i t i v i t y  t o  atmospheric contaminants was less when pure 
argon w a s  used (Figure 10) than when argon-helium was used a s  the sh i e ld  
gas. No 
d i f fe rence  was noted i n  the s lopes.  
the spectrographic  plates when argon was used i s  probably due t o  recombina- 
t i o n  energy. 
of the  d i l u t i o n  by helium. With argon, the ceramic nozzle became very ho t ,  
which was not observed with the argon-helium s h i e l d  gas.  
Cal ibra t ion  curves f o r  150-amp DCSP and AC a r c s  were prepared. 
The considerably higher background on 
This e f f e c t  is mueh less i n  the argon-helium mixture because 
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Helium 
A few experiments were performed with the TIG process with pure 
helium a s  the s h i e l d  gas ,  a 150-amp DCSP a r c ,  and a gas flow r a t e  of 30 
cfh.  A s h o r t  e l ec t rode  gap, 1/16 t o  3/32 inch, w a s  used. The helium 
a r c  was profoundly a f f ec t ed  by the presence of the o ther  gases ,  such as 
argon and the  atmospheric contaminating gases.  
faded as the  concentrat ion of the  o ther  gases increased,  and the co lor  
re turned when the  fo re ign  gases were removed. This e f6ec t  was r e a d i l y  
followed on the spectrographic  p l a t e s ,  i . e . ,  a s  the  l i n e s  f o r  the contami- 
nat ing gas became s t ronger ,  the  helium l i n e s  decreased markedly i n  i n t e n s i t y .  
This i nd ica t e s  t l ia t  the a r c  i s  being ca r r i ed  l a rge ly  by the fore ign  gases,  
which have much lower e x c i t a t i o n  po ten t i a l s .  Very high s e n s i t i v i t y  t o  the  
atmospheric contaminating gases was also  ind ica ted .  When helium was used, 
the s p e c t r a l  l i n e s  f o r  oxygen, hydrogen, and n i t rogen  were much darker  a t  
the same concentrat ions than when argon-helium or  argon alone was 
The pink co lor  of the a r c  
used. 
Only three  helium l i n e s ,  6678.5, 7065.2, and 7281.4 A ,  appeared i n  
The l i n e s  a r e  in t ense  and much too heavy 
I f  a readout system i s  des i red ,  a neu t r a l  f i l t e r  could 
the region form 6200 t o  8800-A. 
f o r  densitometry. 
be  used i n  f r o n t  of the rece iver  f o r  t he  helium l i n e  t h a t  i s  used as the 
i n t e r n a l  reference l i n e .  However, because of the very high e x c i t a t i o n  
p o t e n t i a l ,  these l i n e s  Gary i n  i n t e n s i t y  when any fore ign  gas with a lower 
e x c i t a t i o n  po ten t i a l  i s  present .  
i n t e r e s t  should be present ,  f a l s e  readings would r e s u l t .  Probably a small 
and cons tan t  amount of argon could be added t o  the helium i n  order  t o  have 
an i n t e r n a l  standard.  
I f  some gas o ther  than t h a t  of a n a l y t i c a l  
The e f f e c t  of impur i t ies  on the  shielded area a f t e r  cool ing was 
pronounced, With no contamination added, the sur face  was very c l ean  and 
mi r ro r l ike  i n  appearance. When 200 t o  300 ppm of contaminant w a s  added, 
the sur face  was tarnished.  Af t e r  400 ppm was added, the sur face  w a s  darker 
and rough. 
2000-ppm range the bead area  was very dark,  rough and p i t t e d .  
This change increased progressively,  u n t i l  i n  the 1250- t o  
Aluminum Wire Alloys 
Ca l ib ra t ion  curves were prepared f o r  the TIG process f o r  each of 
the aluminum w i r e  a l l o y s  because of the  expected cool ing and matr ix  e f f e c t s  
on the a r c .  A 150-amp DCSP a r c  was used. 
approximately 5-112 ipm, and the  w i r e  feed r a t e  was 24 t o  3O.ipm. 
c a l i b r a t i o n  curves f o r  oxygen with wire  a l l o y s  4043, 5556, 23x9, and the 
copper-clad aluminum wire  a r e  shown i n  Figures 11 and 1 2 .  
The speed of the work metal w a s  
The 
These curves w e r e  prepared with the same tank of s h i e l d  gas a s  t h a t  
used f o r  the curve shown i n  Figure 10. The r e s idua l  oxygen contamination 
assoc ia ted  with the 4043 w i r e  was approximately 50 ppm, which i s  approximately 
the same a s  t h a t  assoc ia ted  with the argon-helium a r c  when no f i l l e r  a l l o y  was 
present .  Thus i t  appears  t h a t  t h i s  w i r e  cont r ibu tes  very l i t t l e ,  i f  any, 
oxygen contamination t o  the a r c .  
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The res fdua l  oxygen contamination assoc ia ted  with the 5556 w i r e  was 
approximately 100 ppm. However, t he  s lope a t  the upper end of the c a l i b r a t i o n  
curve i s  similar t o  t h a t  f o r  the 4043 wire.. Thus the d i f fe rence  i n  the  
composition of these two wire a l l o y s  appears t o  have no s i g n i f i c a n t  e f f e c t  
on the oxygenlargon i n t e n s i t y  r a t i o .  
needed t o  ob ta in  equivalent  l i n e  darkening with the  5556 wire than with the  
4043 w i r e .  The curves f o r  the 2319 and the copper-c3ad wires (Figure 12) were 
a l s o  found t o  be very s imi l a r  t o  the c a l i b r a t i o n  curve when no f i l l e r  a l l o y  
was present .  
A s l i g h t l y  longer exposure time was 
Changes i n  the  i n t e n s i t y  of the  argon 7147.5-A l i n e ,  the  i n t e r n a l  
s tandard l i n e ,  ind ica ted  t h a t  ,atmospheric contamination i n  the sh i e ld  
gas,  moisture,  and the d i f f e r e n t  w i r e  a l l o y s  have a cooling e f f e c t  on the 
a r c .  
of oxygen, hydrogen, and n i t rogen  w a s  added t o  the  sh i e ld  gas. The 
presence of moisture i n  the sh i e ld  gas reduced i t s  i n t e n s i t y .  
a l loys  were introduced i n t o  the a r c ,  the  i n t e n s i t y  a l s o  decreased. The 
5556 a l l o y  w i r e  decreased the  i n t e n s i t y  much more than the o ther  a l loys .  
examination of the c a l f b r a t i o n  curve €or oxygen ind ica t e s  t h a t  the major 
por t ions  of thec'urves f o r  the work m e t a l  (Figure 10) and the 4043, 2319 
and the  copper-clad wires  (Figlures 11 and 12) a r e  near ly  i d e n t i c a l .  This 
i nd ica t e s  t h a t  the  wire a l l o y s  had much less e f f e c t  on the  oxygenlargon 
i n t e n s i t y  r a t i o  than was expected. 
The i n t e n s i t y  of t h i s  l i n e  cons iS ten t ly  decreased when 300 t o  400 ppm 
When f i l l e r  
An 
Prec is  i on  
The TIG arc was very s t a b l e  with the work metal  only and a l s o  with the 
four  wire  a l loys .  With the  5556 a l l o y s ,  the a r c  d id  appear less s t a b l e  and 
numerous b r igh t  f l a shes  of l i g h t  were observed. 
coated with a heavy layer  of oxide and when the sh i e ld  gas was contaminated, 
the arc was less s t a b l e .  
When the work metal was 
I n  order  t o  eva lua te  prec is ion ,  usua l ly  nine spec t ra  were taken 
consecut ively f o r  each experimental condi t ion.  
gas w a s  added f o r  the  lower concentrat ion i n  order  t o  have s p e c t r a l  l i n e s  
in t ense  enough f o r  convenient densitometry. The exposure time f o r  each wire 
a l l o y  and work metal  was approximately 10 seconds. The wire a l l o y  feed r a t e  
was 24 t o  30 ipm. 
One hundred ppm of contaminant 
The standard devia t ion  was ca lcu la ted  and i s  summarized i n  Table I. 
The prec is ion  was very good--better than t h a t  obtained i n  conventional spectro-  
scopy. There was  g r e a t e r  v a r i a t i o n  f o r  the same points  from day t o  day because 
of the va r i a t ion  i n  ad jus t ing  the rotameter values .  I f  there  w a s  much 
v a r i a t i o n  i n  the w i r e  compositions, i t  w a s  not revealed by these  s tud ie s .  
the'blackened rough work metal the prec is ion  was a l s o  much b e t t e r  than expected. 
Also, the  expected increase  i n  the i n t e n s i t y  of the  oxygen l i n e 3  was not  
observed 
For 
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Table I. Standard Deviation f o r  Oxygen and Hydrogen 
i n  the TIG Arc (150 amp, DCSP). 
Oxygen, ppm Hydrogen, ppm_ 
300 -100 - 100 - 300 I_ 
No w i r e  
4043 w i r e  
5556 w i r e  
2319 w i r e  
Copper-clad w i r e  
2.6 2.0 2.6 3.1 
2.9 3.7 4 .O 2.2 
4.4 4.4 6.1 4.7 
3 -0 2 - 8  4.3 5.8 
3.7 4.1 2.9 4.1 
Residual Contamination 
No w i r e ,  c lean  su r face  2 .1  3.6 
No w i r e ,  prearced (black) 2.1 4.4 
sur face  
SUMMARY 
This paper summarizes some of t h e  observations t h a t  have been made 
a s  the  r e s u l t  of studying the f e a s i b i l i t y  of monitoring iner t -gas  sh i e lds  f o r  
atmospheric contaminants.. 
oxygen, hydrogen, and ni t rogen became proport ional ly  more in t ense  a s  increasing 
q u a n t i t i e s  of these gases were added t o  the  i n e r t  shkeld gases.  This and the 
r e p r o d u c i b i l i t y  of t he  points  on the c a l i b r a t i o n  curves i n d i c a t e  t h a t  t he  
atmospheric contaminants can be monitored i n  the  TIG process.  
The a n a l y t i c a l  l i n e s  f o r  t h e  atmospheric contaminants, 
Changes i n  contamination leGels due t o  such sources a s  moisture,  moving 
a i r ,  and shield-gas flow r a t e  were s tud ied .  Contamination was reduced con- 
s iderably  when the incoming w i r e  guided f o r  t he  consumable e lec t rode  was 
blocked wi th  a flow of i n e r t  gas. 
appreciably g r e a t e r  i n  t h e  M I G  than i n  the TIG process. The e f f e c t  of 
contaminants added t o  t h e  s h i e l d  gas w a s  b r i e f l y  s tud ied  i n  the TIG process,  
The'helium a r c  was found t o  be profoundly a f f e c t e d  by the presence of o the r  
gases.  
helium. 
The l e v e l  of contamination was found t o  be 
Appreciable d i f fe rences  were found i n  the p u r i t y  of commercial argon and 
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DISCUSSION 
M r ,  Jackson: I don ' t  know which one of us i s  going t o  be the b igges t  
l i a r  before  t h i s  af ternoon i s  over,  but  I only had s i x  cows and I w a s  milking 
two. 
I think t h a t  w i l l  top a couple of them. 
discussion.  This i s  a kind of thing t h a t  we need a s  f a r  a s  welding data i s  
concerned. 
r e l a t ionsh ips  here  2s a n ice ,  smooth curve. Not a t  a l l  l i k e  welding curves 
but a l o t  l i k e  the  s c i e n t i f i c  curves t h a t  you can g e t  fro- s c i e n t i f i c  da ta .  
They were p r i ze  -producti6n cows and we milked them four t i m e s  a day. 
A l l  r i g h t ,  l e t ' s  ge t  on i n t o  the 
One of the things t h a t  I am very happy t o  see  i n  some of h i s  
D r ,  Grove: That ' s  because I ' m  an a n a l y t i c a l  chemist and not a physical  
chemist 
M r .  Jackson: L e t ' s  s t a r t  now. Anybody have a quest ion,  s o  t h a t  we can s t a r t  
i n  on t h i s ?  
M r .  Lenamond: I ' m  curious about your technique i n  analyzing the gases 
o r  the arc on a manual, coated e lec t ro-arc .  
the t r a n s f e r  of the mater ia l  i n  a coated e lec t rode  a r c ?  
Do you think t h a t  you could analyze 
D r ,  Grove: Now when you say a coated e lec t rode  a rc ,  a r e  you r e fe r r ing  t o  the 
meta l l ic  species  t h a t  you have there ,  o r  the non-metall ic spec ies?  
M r .  Lenamond: No, the me ta l l i c .  I n  o ther  words, i f  you've got n icke l  
o r  i f  you've got sulphur or  anything t r ans fe r r ing  across  the a r c ,  could you 
analyze t h i s  ? 
D r .  Grove: I haven ' t  t r i e d  i t  ye t ,  but  I do not see why not unless  you 
have too muchblackbody r ad ia t ion .  Now you see ,  here  i s  one of the things 
t h a t  i s  bother ing me on t h i s  thing now5. Can I have t h i s  board, p lease?  Look 
a t  i t  t h i s  way. Spectrographical ly ,  i f  you p u t  a sample i n  an e lec t rode ,  put 
another e lec t rode  above i t ,  and a r c  i t ,  you see  what i s  i n  t h a t  sample by 
looEing a t  the a r c ,  photographically.  I don ' t  see  why you should not see  the 
mater ia l  i n  t h i s  e lec t rode  t h a t  you a r e  ta lk ing  about.  I n  other  words, i f  t h i s  
i s  a p l a t e  or  a work metal ,  i f  i t  happens to  be your anode, i f  ftrhis i s  your tungsten 
e lec t rode  a t  the top, and we ' l l  say t h i s  i s  your a r c ,  i f  you a r e  feeding your 
f i l l e r  w i r e  i n  a pos i t i on  l i k e  t h i s ,  according t o  spectroscopic  theory,  some of 
the spec ies ,  due t o  the reac t ions  taking place here ,  should be up here  i n  the 
a r c  and you should see  them. This g e t s  i n t o  the next quest ion.  Some of the things 
I ' v e  observed i n  the l a s t  couple of years bothers  me about t h i s ,  and I am not 
too s u r e  myself ye t  whether the welding a r c  with i t s  high amperes compared to  the 
5 t o  10 amp spectographic a r c  i s  behaving the  same o r  not.  
somebody's leg ,  l i k e  a welding research counci l ,  o r  someone, f o r  a l i t t l e  funds 
to  look a t  t h i s  p a r t i c u l a r  th ing .  
the a r c  i t s e l f  on the s l i t  so t h a t  I s m  seeing the mechanism t h a t ' s  taking place a l l  
the way from here down through here .  I ' v e  got  t o  examine t h i s  a l i t t l e  b i t  more 
and study t h i s  a r c ,  i t s e l f ,  t o  s ee  where the species  exc i t a t ion  i s  taking place,  
before I can answer your quest ion f o r  sure .  But from the spectroscopic  s tandpoint ,  
I ' m  going to  t r y  t o  p u l l  
I ' v e  looked a t  i t  a l i t t l e  b i t  a l ready  by focusing 
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I th ink  i t  ought t o  be there .  
undek these  conditions we have an  extremely high temperature a r c ;  we may be above 
the  i o n i z a t i o n  p o t e n t i h l  of a l l  these m e t a l l i c  type atoms i n  the re ,  and i f  we 
are, we're not seeing any atomic l i n e s .  
l i n e s ,  which, i n  the p a r t i c u l a r  reg ion  I have been working i n ,  are very scarce .  
Theore t ica l ly ,  from the  spectroscopic standpoint,  we should be a b l e  t o  see them, 
yes. 
Now, the re  may be another reason f o r  i t  because 
Then we would have t o  look f o r  i o n i z a t i o n  
M r .  Jackson: Thank you. There's  a ques t ion  here? 
M r .  Hackman: A s  you pointed ou t ,  you have the  advantage, I think, on 
most of us ,  o r  a t  least  myself, because I ' m  no t  versed i n  t h i s  a r t ,  Is t h e  
q u a n t i t a t i v e  measurement t h a t  you g e t  based on e x c i t a t i o n  of the p a r t i c u l a r  
gas t h a t  you see? 
the  luminious zone, would v a r i a t i o n s  of the luminacity,  here ,  change the  
q u a n t i t a t i v e  measurement you would g e t ?  
I n  your MIG measurement where your s l o t  o r  s l i t  was ou t s ide  
D r .  Grove: It does , yes ,  Y e s ,  a c t u a l l y ,  from the  spectrographic 
s tandpoin t ,  spectrographic theory,  when you have oxygen i n  the system, you 
are see ing  exc i ted  oxygen. Tha t ' s  what gives you your l i n e s .  Now, i t  does not 
make any difference,whether you a r e  exc i t i ng  t h a t  oxygen,. if  you have enough 
hea t  t o  do i t ;  whether you're looking a t  it through the  a r c ;  o r  whether you're 
looking a t  the  s i d e  of the a r c .  Howeyer, the  imaging of our s l i t  on the  s i d e  
of the  arc, we f i nd ,  is very d i f f i c u l t  t o  reproduce. I n  o ther  words, we w e r e  
lucky the  f i r s t  time we t r i e d  t h i s .  We got a pos i t i on ,  I guess, apparently 
good because we go t  n i ce  s e n s i t i v i t y ,  and go t  r a t h e r  n i ce  da ta .  That r epor t  
looked n ice ,  coming down here  t o  NASA. I h a t e  t o  t e l l  you what t he  next one 
looked l i k e ,  a f t e r  we s e t  i t  up again.  And i t  simply meant t h a t  a f t e r  we t r i e d  
s e t t i n g  i t  up two o r  t h ree  t i m e s  with hand equipment t h a t  we couldn ' t  p rec i se ly  
r e s e t ,  w e  could not reproduce- th is  c l o s e  enough. But i f  you're looking through 
the  a r c  a t  i t ,  you're a c t u a l l y  looking a t  the  arc gases i n  the  periphery here ,  
p l u s  you ' re  g e t t i n g  some i n  depth. 
a quar te r - inch  one s i d e  o r  the o ther  here. 
It does not  make any d i f f e rende  i f  you ' re -of f  
You're s t i l l  g e t t i n g  enough e x c i t a t i o n .  
Mr. Jackson: Another one, back here ;  yes, p lease?  
M r .  Berge: Have. you been a b l e  t o  r e l a t e  these  contaminants t o  p a r t i c u l a r  
weld de fec t s?  W i l l  something p r a c t i c a l  come of t h i s ?  
D r .  Grove: We hope to .  I f  w e  don ' t  show something i n  the  next two o r  
three years ,  t he re  a r e  going t o  be some o ther  people awfully unhappy with us. 
There have been some s t u d i e s  done along t h i s  l i n e ,  I think i t ' s  i n  the  
B r i t i s h  Welding Journa l  of about four  o r  f i v e  years ago. 
using t h i s  p a r t i c u l a r  technique f o r  monitoring. I f  we a r e  see ing ,  no t i ce  
I ' m  saying " i f  we a r e  seeing", what i s  i n  the  metal i t s e l f ,  t he re  should be 
a r e l a t ionsh ip .  I f  t he  metal i s  absorbing the  gas t h a t ' s  coming around the 
shield--we know we're seeing t h a t  t he re  should be a r e l a t ionsh ip .  
w i l l .  
They! were not 
I th ink  we 
M r .  Jackson: I think t h a t  i s  all we w i l l  have time fo r .  I c e r t a i n l y  want 
t o  thank you, Doctor, and one th ing  w e  a%e su re  about---when we g e t  a new too l  
i n t o  a new f i e l d  and g e t  to working with i t ,  the  f i r s t  th ing  you know w e  a r e  going 
t o  have new information t h a t  w i l l  he lp  the p r a c t i c a l  man and boy, l i k e  you and 
m e ,  i n  o rde r  t o  do the  job of welding. Thank you. 
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ABSTRACT 
The combined e f f e c t s  of mismatch and poros i ty  on the  "As-Welded" s t rength  
of 2014-T6 aluminum a l l o y  and on the  s t r eng th  of 6061-T6 aluminum a l loy ;  heat  
t r ea t ed  a f t e r  welding, were determined and a d iscuss ion  of the t es t  r e s u l t s  is  
contained here in .  This  i nves t iga t ion  w a s  authorized by. the  Gemini program. 
INTRODUCTION 
The ind iv idua l  e f f e c t s  of mismatch and poros i ty  i n  aluminum a l l o y  weldments 
have previously been determined by the  Martin Company and seve ra l  o ther  companies 
i n  the missi le  industry.  A s  a r e s u l t  of those inves t iga t ions ,  weld s t r eng th  
allowables were ca lcu la ted  based on the  assumption t h a t  the e f f e c t s  of poros i ty  
and mismatch on weld s t r eng th  are add i t ive .  The v a l i d i t y  of t h i s  assumption 
was questioned, as i t  imposed severe l i m i t a t i o n s  on allowable mismatch and 
porosi ty .  For example: a r e p a i r  weld t o  a 2014-T6 "As-Welded" d e t a i l  t h a t  con- 
ta ined a P2 l e v e l  of poros i ty  could not  t o l e r a t e  any mismatch i n  the j o i n t  a rea  
i f  the 25,000-psi s t r eng th  l e v e l  allowable w a s  t o  be maintained. 
The sub jec t  program was conducted by Advanced Manufacturing Technology 
Laboratory and Mater ia l s  Engineering of Martin-Baltimore t o  determine the 
e f f e c t s  of combined dismatch and poros i ty  on weldment s t r eng ths  o'f 2014-T6 
and 6061-T6 aluminum a l l o y s .  The e f f o r t  was expanded t o  include two thick-  
nesses of 2014-T6 (0.190 and 0.090 inch) i n  the  "As-Welded" condi t ion ,  6061- 
T6 hea t  t r ea t ed  a f te r  welding i n  three  thicknesses (0.070, 0.100 and 0.125 
inch) , and t o  e s t a b l i s h  weld s t r eng th  allowables f o r  these a l l o y s  and condi t ions 
PROCEDURE ,AND RESULTS 
The combined e f f e c t s  of mismatch and poros i ty  were es tab l i shed  f o r  2014- 
T6 aluminum a l l o y  '(0.090 and 0.190 inch) i n  the "As-Welded" condi t ion  and 6061- 
T6 aluminum a l l o y  (0.070, 0.100 and 0.125 inch) i n  the  heat  t r ea t ed  condi t ion 
a f t e r  welding. 
t i o n  EPS-55013 f o r  6061-T6 aluminum a l l o y  and PB-55406 f o r  the 2014-T6 aluminum 
a l l o y .  Welds were accomplished by the  tungsten i n e r t  gas (TIG) automatic 
welding process u t i l i z i n g  a 300-amp power source t o  provide d-c s t r a i g h t  p o l a r i t y  
welding cur ren t .  
accordance with Federal  Spec i f i ca t ion  QQ-R-566. The welding j i g  cons is ted  of a 
grooved s tee l  backup and aluminum hold-down bars  placed on e i t h e r  s i d e  of the 
weld. 
Welding was performed i n  accordance witheMart in  Process Spec i f ica-  
The welding gas was helium and the f i l l e r  was 4043 aluminum i n  
Radiographic inspec t ion  was u t i l i z e d  t o  select  specimens f o r  t e n s i l e  t e s t i n g  
a t  seven varying poros i ty  l eve l s  (Figure 10). Poros i ty  l e v e l s  from Po t o  P6, 
inc lus ive  , were se l ec t ed  by comparison with the  Standards of Gemini Document, 
"Design Criteria--Welding," Radiographic Standards f o r  s ca t t e r ed  poros i ty .  To 
achieve the  var ious poros i ty  l e v e l s ,  helium gas with var ied  dew poin t  w a s  
u t i l i z e d .  This ,  i n i t i a l l y ,  proved t o  be the most d i f f i c u l t  p a r t  of the task .  Pre- 
l iminary inves t iga t ions  were accomplished on the 0.190 inch 2014-T6 aluminum 
welds u t i l i z i n g  var ious  hydrocarbons t o  form the gas porosi ty .  The most suc- 
ces s fu l  provedfo be the  standard red grease marking penci l .  However, t h i s  
method of obtaining poros i ty  w a s  not completely s a t i s f a c t o r y  due t o  inclusions 
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o r  dross-type oxides t h a t  occasional ly  formed. Further  development evolved 
the highly successful  technique of adding water vapor t o  the i n e r t  sh ie ld ing  gas.  
The ch ief  source of poros i ty  is  bel ieved t o  be hydrogen gas t h a t  d i sso lves  i n  
the molten weld metal. 
atomic hydrogen f o r  d i s so lu t ion  i n  the molten metal .  
Water vapor i s  d issoc ia ted  i n  the  welding a r c  providing 
Mismatch i n  the  welded specimens was obtained by shimming one sheet  t o  
the des i red  o f f s e t  l e v e l  i n  the welding j i g  before  the weld was accomplished. 
Mismatch l eve l s  of 0 ,  15, 30, 50 and 70 percent were t e s t ed  i n  conjunction with 
the seven poros i ty  l e v e l s ,  Po through P Each s e t  of test specimens consis ted 6" of approximately 10 t o  20 specimens having l d e n t i c a l  l eve l s  of porosi ty  and 
mismatch. All specimens were tension t e s t ed  t o  f a i l u r e  i n  Baldwin PTE Uni- 
ve r sa l  t e s t i n g  machines of 5000-lb capaci ty  u t i l i z i n g  Tenpl in-gr ips  t o  hold and 
a l i g n  them during test .  Tensi le  s t r eng th  was ca lcu la ted  on the bas i s  of average 
parent  mater ia l  c ross -sec t iona l  a rea  adjacent  t o  the weld. The weld bead re- 
inforcement was not removed before  t e s t i n g .  
The welding parameters (amperage-voltage, e t c . ) ,  es tab l i shed  f o r  each 
type of mater ia l  and thickness ,  remained e s s e n t i a l l y  constant  throughout the 
test  program. .Heat input, '  f o r  a l l  p r a c t i c a l  purposes, remained unchanged, 
thus assur ing  t h a t  a c t u a l  weld s t r eng th  degradation would be a funct ion of poros i ty  
and mismatch and not a funct ion of varying heat  input .  
A s  shown i n  Figure 1, the panels t o  be joined were markedA and B. The 
panel c l o s e s t  t o  the welding torch was i d e n t i f i e d  a s  A .  Origin of f a i l u r e ,  during 
t e s t i n g ,  was nqted i n  r e l a t i o n  to  A o r  B s ide .  
Heat treatment of the 6061-T6 specimens was i n  accordance with Martin 
f r e e - f a l l  quenched t o  minimize d i s t o r t i o n .  Process Spec i f i ca t ion  EPS-10310: 
MISMATCH (%) = (e /T)  100 
Figure 1. Schematic Showing Torch Pos i t ion  i n  Relation t o  Sheet 
Mater ia l  Nomenclature 
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'Tensiorl t e s t  r e s u l t s  f o r  0.090-inch 2014-T6 as-welded a r e  l i s t e d  i n  Table I ,  
and the average serengths  f o r  specimens a t  var ious mismatch and poros i ty  l e v e l s  
are shown graphica l ly  i n  Figure 2.  Preliminary s t a t i s t i c a l  summaries a r e  given 
i n  Table 11. 
f o r  each group of specimens according t o  the method described by Haire and 
Gorre l l  (Reference 5) .  
mean test  value @) t o  estimate the coe f f id i en t  of Variat ion.  
of the method a r e  the ease of ca l cu la t ion  and the a b i l i t y  t o  make reasonable 
es t imates  from skewed da ta  which a r e  o f t e n  obtained i n  weld t e n s i l e  t e s t s .  
mum weld s t r eng th ' e s t ima tes  a t  the 99 percent confidence l eve l  ( 2 . 3 3 6  below 8) 
were made f o r  each set  of weld samples. 
confidence l e v e l -  (Wgg) i s  estimated as follows : 
The c o e f f i c i e n t  of va r i a t ion ,  Cv (Cv - -), lood has been es tab l i shed  X 
This method u t i l i z e s  the minimum t e s t  value (X,) and the 
The chief  advantages 
Mini- 
The minimum s t rength  value a t  99 percent 
where 
- 
X = average (mean)) value 
= ' s tandard  deviatrion f o r  s e r i e s  
Cv = c o e f f i c i e n t  of va r i a t fon  
l! . cv 
cy = -  
100 
The da ta  generated f o r  the 0.190 inch th ick  2014-T6 i n  the"As-Welded" 
condi t ion i s  summarized i n  Table I11 and graphica l ly  i l l u s t r a t e d  i n  Figure 3. 
test  da ta  i n  t h i s  por t ion  of the program is presented i n  tabular  form i n  Appendix 
A .  A p l o t  of the r e l a t ionsh ip  of the da ta  a t  the 99 percent confidence l e v e l  a s  
determined by the s t a t i s t i c a l  method (1) i s  shown i n  Table I V .  
The 
Tension test  r e s u l t s  f o r  Q.070-inch th ick  6061-T6 a r e  l i s t e d  i n  Table V 
and the preliminary s t a t i s t i c a l  summary f o r  0.070-inch th i ck  6061-T6 i s  given 
i n  Table -VI .  
6061-T6 are l i s t e d  i n  Table V I 1  and the  r e s u l t s  of 0.125-inch th i ck  6061-T6 
mater ia l  a r e  given i n  Table V I I I .  The s t a t i s t i c a l  summaries f o r  the two 
thicknesses  a r e  given i n  Table I X  (0.100-inch mater ia l )  and Tab1e.X (0.125-inch 
mater ia l ) .  
shown i n  Figures 4 ,  5, 6, 7,  8 and 9.' 
The tension t e s t  r e s u l t s  f o r  0.100-inch thickness specimens of 
Graphic i l l u s t r a t i o n s  on the 6061-T6 hea t  t r ea t ed  specsmens a r e  
A more exhaustive s t a t i s t i c a l  study of weld mismatch and poros i ty  t e n s i l e  
da ta  is  now being c a r r i e d  out  by M r .  E .  Haire and a s soc ia t e s  f o r  the Gemini 
Program. 
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MISMATCH (%> 
Figure 2.  Effect  of Mismatch and Porosity Upon Weld Tensi le  
Strength on 0.090 Thick 2014-T6 As-Welded 
Figure 3 .  Average Weld Strength as Affected by the Combination 
of Mismatch and Porosity on 0.190 Thick 2014-T6. 
As-Welded 
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MISMATCH (%) 
Figure 4.  Effect  of Mismatch (0.070 i n . )  
PO P l  P2 P3 P4 P5 P6 
POROSITY LEVEL 
Figure 5. Effect  of Porosity Level 
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Figure 6. Effect of Mismatch (0.100 i n . )  
POROSITY 
Figure 7 .  Effect of  Porosity (0.100 i n . )  
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I 
I 
H 
2 
W 
MISMATCH (%) 
Figure 8. Effect  of Mismatch (0.125 i n . )  
POROSITY 
Figure 9 .  Effect  of Porosity (0.125 in.) 
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Figure. 10. Radiographic Standards for Scattered Porosity, Grades A and B 
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CONCLUSION 
The combined effects of mismatch and porosity on the strengths of 
"As-Welded" 2014-T6 aluminum alloy and 6061-T6 aluminum alloy, heat treated after 
welding, were determined. 
In the 2014-T6 "as-welded" condition it was concluded that both mismatch 
and porosity are factors that contribute to the lowering of strength as the level 
of each increases in magnitude. Mismatch is somewhat the greater of the two 
factors. Porosity appears to be a more significant factor in the thinner (0.090 
inch) material than it is in the (0.190 inch) material. 
In the 6061-T6 aluminum alloy, heat treated after welding, it was concluded 
that both mismatch and porosity are factors that contribute to the lowering of 
strength as the level of each increases in magnitude. 
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Table I. T e n s i l e  T e s t  Data for 0.090-inch 2014-T6 
(Tens i le  S t reng th ,  k s i ) ,  
S p e c i f i c a t i o n  
No 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
H i g h  
Low 
Average 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
H i g h  
Low 
Average 
- 
55.9 
55.3 
52.9 
55.2 
55.8 
56.1 
52.3 
55.9 
55.9 
52.3 
56.1 
52.3 
54.8 
52.8 
55.5 
55.5 
53.9 
56.4 
53.3 
50.9 
56.1 
54.4 
56 -4 
56.4 
50.9 
54.5 
42.9 
37.5 
44.3 
40 .O 
39.5 
40.3 
P 
1 
54.2 
52.9 
54.3 
54.9 
56.3 
55.1 
54.1 
54.6 
53.4 
54.4 
56.3 
52.9 
54.4 
I 
53.2 
54.4 
52.8 
50.4 
51.9 
52 .O 
53.6 
53.3 
54.3 
52 .O 
54.4 
50.4 
52.8 
41 .O 
46.2 
45.4 
39.6 
41.5 
39.8 
0% Mismatch 
2 3 
P P 
- - 
53.7 47.9 
48.5 47.6 
53.2 48.1 
50.9 45.7 
49.5 45.1 
44.8 45.6 
53.1 44.4 
53.4 46.7 
41.0 46.8 
52.9 47.0 
53.7 48.1 
41.0 44.4 
50.1 46.5 
15% Mismatch 
40.3 43.0 
42.5 42.6 
39.5 42.8 
39.1 42.5 
39.6 44.0 
38.7 41.8 
38.7 42.1 
39.0 42.8 
39.4 41.4 
39.6 43.7 
42.5 44.0 
38.7 41.4 
39.6 42.7 
30% Mismatch 
37.5 38.6 
40.5 39.9 
38.0 37.9 
39.1 36.2 
40.1 37.9 
38.0 37.3 
P 
4 
43 .O 
44.3 
41.4 
44.5 
43.4 
43 .O 
42.8 
41.7 
44.8 
43.5 
44.8 
41.4 
43.2 
- 
42.8 
44.2 
42.9 
42.6 
43.2 
42.6 
41.1 
41.7 
42.7 
41.7 
44.2 
41.1 
42.6 
34.4 
36.7 
32.2 
40.4 
35.4 
42 .O 
P 
5 
40 .O 
38.7 
41.2 
40.1 
39.8 
42 .O 
41.9 
39.2 
42.1 
41.8 
42.1 
38.7 
40.7 
- 
41.7 
42.3 
42.2 
42 .O 
40.8 
43.6 
43.2 
41  -5 
39.9 
43.3 
43.6 
39.9 
42.1 
34.2 
40.8 
33.8 
32.4 
35 -3  
32.8 
' 6  
37 .O 
39.2 
37.8 
42.1 
44.9 
39.3 
43 .O 
42.8 
34.6 
44.3 
44.9 
34.6 
40.5 
- 
34.2 
33.4 
33.5 
33.6 
33.2 
33.1 
33.3 
34.2 
33.6 
31.4 
34.2 
31.4 
33.4 
32.2 
33.8 
34.2 
32.7 
30.3 
29.8 
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Table I (continued) 
30% Mismatch 
Specification 
No. 
7 
8 
9 
10 
High 
Low 
Aver age 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
High 
Low 
AveragF 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10. 
High 
Low 
Average 
- 
43.7 
44.5 
44.0 
42.2 
44.5 
37.5 
41.9 
X7*2 
38.3 
37.8 
37 .O 
37.7 
38.2 
38.4 
36.1 
36 .O 
33.4 
38.4 
33.4 
37 .o 
37.6 
37.5 
30.3 
36.2 
33.1 
37.3 
36.5 
32.9 
37.7 
35.9 
37.7 
30.3 
35.5 
B1 
I 
45.7 
47 .O 
40.8 
36.6 
47 .O 
36.6 
42.4 
37.3 
35.6 
35.3 
35.7 
36.8 
34.8 
35.9 
34.7 
37.4 
31.9 
37.4 
31.9 
35.5 
30.9 
20.2 
30.9 
30.1 
31.6 
27 .O 
30.1 
28.9 
30.1 
29.1 
31.6 
20.2 
28.9 
p2 3 P p4 
34.7 36.3 41.1 
39.0 39.8 40.7 
39.6 40.0 36.2 
38.4 37.8 38.6 
40.5 40.0 42.0 
34.7 36.2 32.2 
38.5 38.2 37.8 
50% Mismatch 
40.9 32.3 
42.8 28.1 
38.5 29.8 
39.7 29.5 
39.4 30.5 
39.8 31.3 
41.2 31.2 
39.5 30.6 
40.6 31.5 
44.0 29.8 
29.9 
32.1 
34.2 
33 .O 
30.9 
34.4 
33.6 
33.5 
32.1 
32.3 
44.0 32.3 34.4 
38.5 28.1 29.9 
40.6 30.5 32.6 
70% Mismatch 
28.9 36.9 
26.1 37.3 
28.9 32.3 
29.4 31.6 
30.9 36.6 
31.4 33.5 
28.4 35.6 
29.0 35.2 
29,8 33.5 
30.7 34.0 
35.9 
31.5 
35.4 
36.9 
32.2 
29.9 
28.1 
26.7 
26.4 
28.3 
31.4 37.3 36.9 
26.1 31.6 26.4 
29.4 34.6 31.1 
' 6  P 5 - - 
39.4 38.0 
34.4 41.0 
33.9 31.4 
32.8 33.3 
40.8 41.0 
32.4 29.8 
35.0 33.7 
30.4 33.3 
29.0 35.4 
33.6 29.1 
28.5 29.9 
30.7 26.3 
30.7 28.3 
29.3 28.2 
34.7 33.9 
28.3 32.5 
29.2 32.5 
34.7 35.4 
28.3 26.3 
30.rr 30.9 
34.7 32.4 
34.9 28.3 
31.8 35.1 
33.4 31.3 
25.2 33.5 
31.8 29.2 
34.4 31.9 
30.4 30.0 
36.0 31.1 
34.7 -- 
36.0 35.1 
25.2 28.3 
32.7 31.4 
30 1 
Table 11. S t a t i s t i c a l  Analysis of 0.090-inch 2014-T6 
Weld Tensi le  Data.  
Mismatch P P P P P P 
5 - 3 4 -2 - 1 - 0 0 - 
0 N 10 10 10 10 10 10 
% 52,300 52,900 41,000 44,400 41,400 38,700 x 54,800 54,400 50,100 46,500 43,200 40,700 
Cv 3.2 2.2 12.8 3.2 2.9 3.6 
Wgg 50,700 51,600 35,200 43,000 40,300 37,300 
15 
30 
50 
N 10 10 10 10 10 10 
'L 50,900 50,400 38,700 41,400 41,100 39,900 
54,500 52,800 39,600 42,700 42,600 42,100 
48,500 48,800 38,300 40,500 40,100 38,500 
E, 5.0 3.2 1.4 2.2 2.5 3.7 
w99 
N 10 10 10 10 10 10 
5 37,500 36,000 34,700 36,200 32,200 32,400 
X 41,900 42,400 38,500 38,200 37,800 35,000 
c, 7.5 9.8 7 .O 3.6 10.4 5.2 
W, 34,600 32,700 32,200 35,000 28,700 30,800 49 
N 10 10 10 10 10 10 
XL 33,400 31,900 38,500 28,100 29,900 28,300 
X 37,000 35,500 40,600 30,500 32,600 30,400 
Cv 6.8 7.2 3.6 5.7 5.9 6 .O 
W g g  31,100 29,500 37,200 26,500 28,100 26,100 
- 
70 N 10 10 10 10 10 10 
'L - 30,300 20,200 26,100 31,600 26,400 25,200 
X 35,500 28,900 29,400 34,600 31,100 32,700 
Cv 10.4 21.4 7.9 6.3 10.7 14.8 
26,900 14,500 24,000 29,500 2,300 21,400 w99 
NOTES : 
r p =  
? =  
x =  
c v  = 
w =  
99 
number of tes ts  
minimum value 
average (mean) value 
c o e f f i c i e n t  of v a r i a t i o n  i n  % 
minimum value est imate  a t  99% probabi l i ty  l e v e l  
P 
6 - 
10 
34,600 
40,500 
10.4 
30 , 700 
10 
31,400 
33,400 
4.0 
30 , 300 
10 
29,800 
33 , 700 
8.4 
27,100 
10 
26,300 
30,900 
11.6 
22,500 
9 
28,300 
31,400 
7.4 
26,000 
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le IILWeld Strength Data on the Combined Effects of Mismatch Bnd Porosity 
of 0.190-inch 2014-T6 As-Welded4 
6 
P 
5 
P P 
- - 4 - p3 - p2 - p1 - Mismatch - 
45,000 
0 48,100 
51,400 
34,500 
15 40,600 
47,300 
33 200 
30 35,200 
37,200 
28,000 
50 30,900 
33,200 
24,400 
70 26,400 
30,000 
43,100 40,600 36,700 39,800 38,700 
47,800 45,700 42,300. 43,400 42,300 
51,200 48,700 46,500 48,100 48,600 
34,700 30,100 33,000 35,000 34,000 
40,900 39,000 41,000 40,900 41,100 
47,400 47,900 47,400 46,400 4"fjP500 
31,400 28,000 27,900 29,900 28,100 
36,100 33,900 31,800 32,600 32,300 
41,900 36,800 36,000 35,700 36,300 
32,200 25,200 28,400 22 , 500 24,600 
32,300 28,500 32,700 30,500 28,900 
34,700 32,400 37,700 33,800 35,500 
22,000 24,000 23,900 22,300 22,000 
25,400 26,500 26,000 25,690 25,500 
30,400 32,400 28,600 30,500 28,100 
39,400 L 
43,100 AV 
45,500 H 
36,800 L 
39,800 AV 
46,500 H 
30,200 L 
34,300 AV 
40,100 H 
29,400 L 
32,000 AV 
38,400 H 
23,000 L 
25,700 AV 
29,300 H 
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Table IV. S t a t i s t i c a l  Summary of Weld Strength Data 
of 0.190 inch 2014-T6 As-Welded. 
Mismatch 
(%) 
0 
15 
30 
50 
70 
NOTES : 
N 
ws1 
QS 
CYS 
w99 
ws 1 
WS 
cvs  
w99 
ws 1 
QS 
cvs 
w99 
531 
QS 
cvs 
w99 
Wsl 
W S  
cvs  
w99 
N 
N 
N 
N 
PO - 
21 
45 , 000 
48,100 
3.6 
44 , 100 
22 
34,500 
40 , 600 
8.5 
32,600 
2 1  
33,200 
35,800 
3.8 
32,600 
21 
28 , 000 
30,900 
5 .O 
27,300 
22 
24 , 400 
26,400 
4.5 
23 , 600 
p1 - 
20 
43 , 100 
47 , 800 
5.6 
41,600 
2 1  
34 , 700 
40 , 900 
8.5 
32,800 
20 
31,400 
36,100 
7.3 
30,100 
20 
30,200 
32 , 300 
3.8 
29,500 
20 
22,000 
25,400 
7.3 
2 1  , 200 
p2 - 
2 1  
40,600 
45 , 700 
6.4 
38,900 
21 
30 , 100 
39,000 
13 .O 
27 , 100 
22 
28 , 000 
33,900 
9.8 
24 , 200 
20 
25,200 
28 , 500 
6.8 
24 , 100 
15 
24 , 000 
26 , 500 
5.6 
23 , 000 
p3 p4 
20 20- 
36,700 39,800 
42,300 43,400 
7.3 4.5 
35 , 100 38,900 
20 20 
33,000 35,000 
41,000 40,900 
11 -5' 8.0 
30,100 33,200 
20 16 
27 , 900 29,900 
31,800 32,600 
6.8 4.8 
26,700 28,900 
20 20 
28,400 22,500 
32,700 30,500 
7.3 14.6 
27 , 100 20,300 
18 20 
23,900 22,300 
26,000 25,600 
4.7 7 .3  
23 , 200 21 , 200 
p5 
I 
20 
38,700 
42,300 
5 .O 
37,400 
20 
34,000 
41,100 
9.8 
31,800 
12 
28 , 100 
32,300 
8.5 
26,000 
1 7  
24 , 600 
28,000 
7.6 
23 , 800 
18  
25,500 
8.2 
20,600 
22,000 
N = number of tests WSl = lowest s t r eng th  value 
Ws 
Cvs 
W g g  
= average (mean) s t r eng th  value 
= c o e f f i c i e n t  of v a r i a t i o n ,  % 
= minimum weld s t r eng th  at 99% confidence l e v e l  
Wg9 = Qs - (Q, cvs * 2.33) 
'6 - 
20 
39,400 
5.0 
38,200 
20 
36,800 
39,800 
4.5 
35,600 
19 
30 ,OO 
34 , 300 
6.8 
29,000 
14 
25 , 600 
32,000 
12.8 
22,500 
20 
23 , 000 
25 , 700 
6 -4  
22,000 
43,100 
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Table V. Tens i l e  Data for 0.070-inch 6061-T6 Welds 
S p e c i f i c a t i o n  
No 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
H i g h  
Low 
Aver age 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
H i g h  
LbW 
Average 
46.2 
47.6 
48.4 
47.4 
46.8 
46.8 
47.5 
46.5 
47.2 
46.7 
48.4 
46.2 
47 11 
46 .O 
46.3 
46.3 
46.8 
46.8 
46.5 
46.3 
46.4 
46.9 
45.5 
46.9 
45.5 
46.38 
44.8 
44.6 
44.6 
45.0 
44 ..5 
44.1 
p1 - 
46.5 
46.1 
47.2 
45.2 
47.2 
46.4 
48.1 
47.3 
47.8 
47.2 
45.1 
45.2 
46.90 
47.3 
46.5 
46.4 
47.1 
4'6.2 
46.5 
46.6 
47.1 
46.7 
46.4 
47.3 
46.2 
46.68 
45.4 
45.4 
45.2 
44.6 
44.8 
44.9 
45.0 45.0 
0% Mismatch 
P 
p 2  3 
47.9 46.9 
46.3 47.8 
47.1 47.2 
47.4 47.7 
47.0 47.0 
46.5 46.6 
47.4 46.4 
46.7 46.3 
47.3 47.4 
47.1 46.3 
47.9 47.8 
46.3 46.3 
47.07 46.96 
15% Mismatch 
44.8 44.4 
45.1 45.0 
44.3 45.0 
45.0 45.8 
45.0 45.6 
44.8 44.9 
44.3 45.2 
44.8 45.1 
45.1 45.6 
47.1 
45.1 47.1 
44.3 44.4 
44.80 45.37 
30% Mismatch 
45.5 45.2 
44.9 44.7 
45.2 46.7 
44.9 45.5 
44.8 44.8 
44.8 43.5 
45.1 46.5 
p4 - 
47 .O 
44.4 
47 .o 
47.5 
46.2 
47.4 
42.5 
45.9 
47.9 
46.1 
47.9 
42.5 
46.19 
46.4 
45.9 
46.1 
46.4 
46.4 
46.6 
46.3 
46.2 
46.5 
46.7 
46.7 
45.9 
46.35 
h0.2 
39.4 
46 -0 
38.5 
41.6 
46.6 
45.2 
P 
5. 
44.4 
43.2 
44.2. 
43.9 
43.9 
43.8 
41.5 
-44 7 
43.9 
44.1 
44.7 
41.5 
43.76 
- 
44.7 
43.9 
42.5 
45.1 
41 .O 
45 .O 
43.6 
44.7 
44.8 
44.7 
45% 1
41.9 
44.09 
43.3 
44.8 
43.6 
45 .O 
43.9 
44.9 
42.8 
& s i )  B 
P 
6 
45.8 
44.6 
46.8 
44.9 
44.5 
46.5 
46.5 
43.6 
46 -0 
46-3  
46.8 
43 * 6  
45.55 
_c 
44.9 
45 .O 
44.9 
46.6 
44.4 
44.6 
44.5 
46.4 
47.1 
45.6 
47.1 
44.4 
45.40 
43.3 
44.6 
44.2 
44.4 
45.1 
44 .O 
46.1 
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Table V (continued) 
30% Mismatch 
p1 p6 p2 p3 p4 p5 Speci f icat ion No. 
8 
9 
10 
44.9 44.7 
45.3 45.1 
44.9 44.8 
45.0 45.0 35.6 
43.6 47.2 
42.2 38.2 
44.9 
45.0 
43 .O 
42.6 
45 .O 
44.8 
High 
Low 
Average 
45.3 45.4 
44.1 44.6 
44.77 44.99 
45.5 46,7 47.2 
44.8 42.2 35.6 
45.02 44.77 41.85 
45 .O 
42.8 
44.12 
46.1 
42.6 
44.41 
50% Mismatch 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
47.0 46.0 
46.8 46.3 
46.9 46.6 
46.3 46.3 
46.6 46.6 
46.5 46.8 
46.4 45.9 
46.5 46.8 
46.7 46.4 
46.9 46.4 
44.9 
44.8 
45 .O 
44.7 
44.8 
44.6 
44.7 
44.4 
44.6 
45.8 
43.2 
45.6 
45.8 
45.2 
45.4 
45.5 
45.4 
45.3 
45.6 
.-.I c 
~ . I _  
42.4 
44.8 
43.5 
44.5 
45.2 
40.7 
43.3 
43.2 
41.9 
47.4 
46.1 
46.4 
45.8 
46.6 
46.2 
47.3 
45.8 
45.2 
46.6 
43.6 
44.4 
46.7 
47.5 
44.7 
45.1 
45.3 
46.5 
44.1 
47.2 
High 
Low 
Average 
47.0 46.8 
46.3 45.9 
46.66 46.61, 
45.0 45.8 45.2 
44.4 43.2 40.7 
44.72 45.28 43.20 
47.4 
45.2 
46.34 
47.5 
43.6 
45.51 
70% Mismatch 
42.7 43.0 
42.4 43.6 
43.2 42.5 
41.9 43.4 
42.9 42.9 
43.3 43.3 
42.9 42.8 
42.6 43.5 
42.5 43.2 
42 $3 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
44.6 42.9 
43.4 42.7 
43.7 43.6 
43.4 40.7 
43.5 44,9 
43.2 45.2 
43.5 42.2 
43.3 41.5 
43.4 42.4 
42;7 43.9 
44.8 
35.2 
33.9 
46.9 
37.5 
44.7 
45 .O 
36.7 
45.8 
47 .o 
45.5 
44.2 
45.6 
34.1 
32.1 
32.5 
35.7 
45.6 
45.5 
45.6 
45.5 
45.1 
45.3 
46.0 
45.7 
44.4 
45.7 
47.2 
33.5 
33.2 
47.2 
33.2 
43.16 
High 
Low 
Average 
44. 6 45.2 
42.7 40.7 
43.47 43.00 
43.3 43;6 47,O 
41.9 42.5 33.9 
42.67 43.13 41.75 
45.6 
32.1 
40.64 
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Table V I ;  S t a t i s t i c a l  Analysis of 0.070-inch Weld Tensi le  Datap 
'6 - p5 - '3 '4 - 7 2  0 - - - p1 _.__ '0 
Mismatch 
0 
15 
30 
50 
70 
N 10 10 10 10 10 10 10 
46,200 45,200 46,300 46,300 42,500 41,500 43,600 
47,110 46,900 47,070 46,960 461190 43,760 45,550 
1.4 2.6 1.2 1.2 5.7 3.6 3.2 
45,570 44,060 45,750 45,650 40,060 40,090 42,150 
5 
CV 
w99 
ZL 
X 
N 10 10 9 10 10 10 10 
X 
CV 1.4 0.9 0.6 1.5 0.7 3.6 1.4 
W g g  44,870 45,700 44,170 43,790 45,590 40,390 43,920 
N .10 10 8 10 10 10 10 
44,100 44,600 44,800 42,200 35,600 42,800 42,600 
ii 44,770 44,990 45,020 44,770 41,850 44,120 44,410 
0.7 0.5 0.4 3.9 10.7 2.2 '2.9 
44,040 44.460 44,600 40,700 31,450 41,860 41,410 
45,500 46,200 44,300 44,400 45,900 41,900 44,400 
46,380 46,680 44,800 45,370 46,350 44,090 45,400 
cV 
w99 
N 10 10 9 10 10 10 10 
% 46,300 45,900 44,400 43,200 40,700 45,200 43,600 
X 46,660 46,410 44,720 45,280 43,200 46,340 45;510 
cv 1.0 0.7 0.6 3.3 4.2 1.4 2.9 
45,570 45,650 44,090 41,800 38,970 44,830 42,430 W 
N 10 10 10 9 10 10 10 
42,700 40,700 41,900 42,500 33,900 32,100 33,200 
I 43,470 43,000 42,670 43,130 41,750 40,640 43,160 
CV 1.1 3.7 1.3 1.0 13.5 15.0 16.4 
42,350 39,290 41,380 42,120 28,600 26,440 26,560 
- 
99 
xL 
w99 
NOTES: N = number of specimens i n  ser i e s  
XL 
X = average (mean) value 
Wgg 
= low value of the ser i e s  - 
= c o e f f i c i e n t  of  variat ion,  % 
= minimum weld  t e n s i l e  strength value a t  99% probability l eve l  
cv 
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Table VII. 6061-T6 Weld S trength  Data--0.100 inch ( 1 ) .  
0% Mismatch 
S p e c i f i c a t i o n  
P1 - p 2  - p3 - -No e 
1 
' 2  
3 
4 
5 
6 
7 
8 
9 
10 
45,000 
45,200 
45,200 
45 200 
45,600 
45,300 
45,500 
45,000 
45,300 
45,200 
45,000 
45,100 
45,800 
45,400 
45,300 
45,100 
45,200 
45,300 
45,200 
45,200 
42 800 
44,400 
45 200 
45 300 
44,600 
45 , 000 
45,500 
45,200 
45,200 
45,100 
45 500 
43 9 908, 
43,900 
45,400 
45,300 
45,600 
44,000 
43,500 
44 g 100 
43,200 
High 45,600 45,800 45,500 45,600 
Low 45,000 45,000 42,800 43,200 
Average 45,.260 45,260 44,840. 44,440 
( l ) T e n s i l e  s t r eng th  i n  pounds per square inch. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
45,400 
45,100 
45 9 100 
46 000 
45 , 400 
44,600 
45 , 300 
45,200 
45,300 
45,300 
15% Mismatch 
45,000 45,400 
45,400 44,100 
45,200 45,200 
45,O.OO 44,200 
45,200 44,500 
45,100 43,500 
45,100 44,100 
45 , 400 45,200 
45,300 43,800 
45 400 45,400 
44,700 
45,300 
44,900 
44,800 
43,000 
45,000 
43,700 
45,200 
44,700 
45,000 
High 46,000 45,400 45,500 45,300 
Low 44,600 45 000 43 500 43,000 
Average 45,270 45,210 44,580 44,630 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
45,400 
45 500 
45,700 
45,500 
45 , 200 
45 , 000 
45 , 000 
45 200 
.45 9 200 
45 , 100 
30% Mismatch 
45 9 100 
45,600 
45,300 
45,200 
45 , 300 
45 500- 
45 300 
45 700 
45 300 
45 , 400 
45 300 
45 , 000 
45 300 
45 200 
45 , 000 
45 , 300 
44,800 
45 9 100 
45,200 
45 9 000 
42 9 400 
43 9 100 
42 400 
41,300 
41,700 
42,200 
45,300 
42,600 
45,300 
42 000 
43 , 000 
42 900 
43,700 
41,100 
44,000 
43 , 300 
44,700 
45,500 
44,300 
44,200 
45,500 
41,100 
43 , 690 
42,300 
42,400 
43 400 
44,700 
44,700 
43,800 
44,200 
43,700 
42 , 700 
43,000 
44 700 
42 300 
43 , 490 
42 , 100 
43,900 
40 200 
43,700 
41,400 
41,500 
42 300, 
41,500 
42,900 
41 , 800 
43 500 
44,300 
45 , 000 
42 700, 
43,100 
43,900 
42,500 
45,300 
42 , 600 
44,000 
45 , 300 
42 500 
43,690 
45,100 
43,200 
43 , 500 
43,300 
45,600 
42,700 
43,900 
45 , 200 
45,000 
45,000 
45,600 
42,700 
44,250 
40,600 
40 400 
42,800 
41 , 200 
43,300 
42,800 
42,200 
40 800 
43 $500 
43 3 000 
p6  
43,600 
44,600 
42 , 600 
39 , 700 
42 , 300 
39 9 900 
39 , 200 
43 , 000 
44,300 
36 , 200 
-
44,600 
36,200 
41,540 
43,600 
43,500 
43,600 
43,100 
44,100 
45,300 
42,400 
45,'500 
45 , 400 
45 , 500 
45 , 500 
42 , 400 
44,210 
.36,500 
32 , 600 
34,300 
35,400 
33 200 
34,300 
38,400 
38,400 
35,300 
38 $600 
H i g h  45 , 700 45 700 45 300 45,300 43,900 43,500 38 , 600 
Low 45,000 45,100 44,800 41,300 40,200 40,400 32,6(40 
Average 45,280 45,370 45,120 42,820 42,130 42,050 35,700 
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Table VI1 (continued) 
50% Mismatch 
'p 6 - p 1  - p2 - p3 - p4 - p5 -
Specification 
NO e - 
1 
2 
3 
4 
5 
6 
7 
8 
. 9  
10 
High 
Low 
Average 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
High 
Low 
Average 
PO 
45,100 
45,200 
32,800 
45 9 100 
45 , 300 
40 , 600 
44,900 
45 , 300 
45 , 100 
45 , 200. 
-
45,300 
32 ;800 
cC3 460 
43 400 
44,900 
42 , 200 
37,500 
42 900 
45 9 200 
39 , 000 
44,900 
42 , 900 
45 , 100 
45,200 
37 , 500 
42 , 800 
45,100 
44,800 
45 , 300 
43 900 
43 , 600 
45 , 000 
43 , 800 
44 , 900 
43 , 300 
44 , 500 
45,500 - 
44,100 
44,700 
37,800 
45 300 
45 , 200 
39,500 
41,800 
44,300 
43 9 200 
39 100 
40 , 100 
37,900 
3 7., 000 
40 600 
43 700 
40 100 
39 , 800 
39 , 300 
38 , 900 
41,400 35,300 
39 000 42 , 300 
36,000 42,200 
41,200 33,900 
42 000 35 , 700 
39,900 37,500 
41 , 800 37,100 
41 , 800 38 , 400 
43,600 37,800 
42,300 38,400 
43 9 900 
33 , 100 
37,100 
40 700 
38,800 
37,800 
38,900 
39,400 
45 , 000 
37,700 
45 , 300 45 , 500 43 , 700 43 , 600 42,300 45 , 000 
43,300 37,800 37,009 36,000 33,900 37,100 
44,420 43,140 39,660 40,900 37,860 39,740 
70% Mismatch 
41,700 33,900 34,400 34,300 39,400 
41,400 35,500 38,400 32,100 38,500 
43,200 37,600 34,700 30,400 40,900 
41,700 37,900 33,000 29,800 42,000 
41,800 36 , 700 33 , 500 32,600 38 , 500 
42,000 39,600 38,400 29,200 37,500 
41,800 37,200 34,700 32,400 43,600 
41,500 35,400 37,400 36,100 27,600 
42,000 38,000 32,000 34,700 37,500 
42,000 41,400 37,000 35,400 34,600 
26,700 
29 , 000 
39 , 000 
40 , 900 
28 , 900 
29 , 300 
27,300 
24,600 
27,000 
28 , 400 
43,200 41 , 400 38 , 400 36 100 43 , 600 40,900 
41,400 35,000 32,000 29,200 27,600 24,600 
41,920 37,740 35,350 32,700 38,010 30,110 
Table VIII. 6061-T6 Weld Strength Data--O.l25-inch (1) 
Specification 
No e 
1 
2 
3 
4 
5 
6 
7 
8 
-- - 
47 400 
45 000 
47 3.00 
47 400 
46 500 
47 400 
47 , 800 
47 p 100 
0% Mismatch 
- p1 - p2 - p3 
47 , 500 46,500 45 800 
45 , 100 47 100 46 200 
45 , 000 46 , 700 45 900 
45,400 47,400 46,000 
47,600 46,800 45 400 
45 400 47 700 46 , 900 
47 200 47,700 45,400 
45 300 44,200 46,100 
- p4
48 , 000 
47,500 
47,700 
45,400 
45,200 
48,000 
45,200 
47 9 500 
p5 
43,500 
44,300 
44,100 
44,200 
44,200 
41,900 
41,700 
41 100 
7
- '6 
40 , 600 
41 800 
43,500 
41 000 
47 200 
41,400 
41 , 600 
42 000 
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Table VI11 (continued) 
0% Mismatch 
Specification 
’6 - - - - p1 - p2 - p3 - p4 - p5 No e 
9 47,500 47 700 46,900 46,200 45 400 44,000 41 ,900 
10 44,900 45,300 48 , 100 45,600 47 ,200 43 , 500 42,000 
High 47,800 47,700 48,100 46,900 48,000 44,300 47,200 
Low 44,900 45 , 000 44,200 45 , 400 45 , 200 41 100 40,600 
Average 46,830 46,150 46,190 45,950 46,710 43,250 42,300 
(l’Tensile strength in pounds per square inch. . 
15% Mismatch 
1 
*2 
3 
4 
5 
6 
7 
8 
9 
10 
47,000 45,000 44,300 44,500 45,500 46,400 44,800 
46,300 37,600 46,400 45,300 34,600 45,100 46,300 
47,100 46 000 45,700 45,500 46,000 48,400 45 300 
46 , 900 47,200 44,200 48,000 46,500 46,600 
46,500 44,900 45 , 600 45,400 45 , 200 45,600 46,000 
46,700 45,200 46,200 45,600 46,900 46,700 46,700 
47,100 47,100 45,300 45,200 46,900 45,800 45,600 
46,700 44,900 46 600 45 400 46,500 45,900 46 , 600 
46,700 46,500 45,700 45,000 47,400 46,100 46,900 
46,700 47 , 000 47 , 200 45,700 44,900 
High 47,100 47,100 47,200 45,700 48,000 48,400 46,900 
Low 46,300 37,600 44,300 44,200 34,600 45,100 44,800 
Average 46,770 44,980 46,020 45,180 45 220 46,280 45,970 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
47,500 
44,500 
45,900 
45,000 
44,700 
41 100 
41,100 
44,500 
38 , 300 
43,800 
30% Mismatch 
48,400 45,700 31,400 44,600 41,200 
39,100 43,400 40,600 45,100 40,100 
41,600 45,600 39,500 40,700 33,200 
46,800 40,300 39,500 39,800 41,100 
47,700 43,300 39,300 43,600 40,300 
45 500 42 , 800 40,200 46 , 300 40 , 100 
42,300 44,100 42,700 45,500 38,400 
46,600 45,400 45,400 42,200 42,200 
44,800 44,400 46,800 39,000 39,100 
41,000 45,900 45,600 46,200 38,900 
45 , 500 
40,100 
43 600 
40 900 
43,000 
41,700 
43 900 
38,200 
44,600 
37,700 
High 47 500 48 400 45 900 46 , 800 46,300 42 200 45 , 500 
Low 38 , 300 39 100 40,300 3 1 , 400 39,000 33 , 200 37,700 
Average 43,640 44,380 44,090 41,100 43,300 39,460 41,920 
3 10 
Table VI11 (cont inued)  
50% Mismatch 
S p e c i f i c a t i o n  
' NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
H i g h  
Average 
Low' 
1 
2 
3 
4 
5 
6 
7 
9 
10 
a 
46,000 
47,000 
45,100 
43 300 
45 , 400 
34,600 
39,700 
45,100 
37,300 
47,000 
34,600 
42,610 
43 , 900 
44,300 
40,700 
41 , 700 
42,000 
38,900 
43,100 
40 , 500 
43,700 
41,200 
p 1  - ' 2  ' 3  -
40 000 
43 900 
38 400 
46,400 
38,200 
41,800 
38 400 
40,000 
45,700 39,300 
44,000 ,37,100 
43,900 46,800 
45 200 44,600 
45,400 45,200 
44,900 43,500 
45,800 39,000 
44,700 37,400 
43,800 39,200 
45,000 38,000 
46,400 45,800 46 ,  ado 
38,200 43,800 37,100 
40,890 44,840 41,010 
70% Mismatch 
41,400 40,700 
41,400 40,900 
40,700 40,400 
41,700 40,700 
41,600 40,300 
40,000 42,400 
41,800 40,400 
41,400 42,000 
41,000 39,900 
41,800 39,900 
35,100 
32,900, 
36,500 
35 , 700 
33,400 
39,100 
40,000 
35,300 
31,300 
35,600 
43,100 
38,800 
39 800 
41,800 
40,600 
45,900 
39,000, 
34,600 
36,900 
40,700 
45,900 
34,600 
40 , 120 
37,500 
39,500 
39,300 
37,400 
30,500 
37,400 
38,200 
39,900 
39,700 
37; 900 
- ' 5  
37,500 
37,600 
39 400 
37,000' 
36 900 
41 , 000 
37,500 
39 300 
39 900 
39,400 
41,000 
36,900 
38,550 
36,400 
30,900 
36,500 
35,800 
38,400 
30,400 
33,700 
36,800 
37,200 
33,200 
' 6  
33,100 
37,800 
36,900 
42,900 
38 , 300 
36,800 
37,600 
38,500 
35 , 800 
30 400 
-
42,900 
33,100 
37,710 
37,600 
38,100 
40,700 
36,900 
26,300 
31,100 
42,200 
39,600 
34,100 
40,400 
H i g h  44,300 41,800 42,400 40,000 39,900 38,400 42,200 
Low 38,900 40,000 39,900 31,300 30,500 30,400 26,300 
Average 42,000 41,280 40,760 35,480 37,730 34,930 36,700 
Table  IX. S t a t i s t i c a l  Analys i s  of Data €or 0.100-inch 6061-T6. 
Mismatch Code (1)  
% Symbol P P P P P P P 
6 -5 -4 -3 I_ 2 -1 -0 -
N 10 10 10 10 10 10 10 
x 45,000 45,000 42,800 43,200 41,100 42,500 36,200 
L 
0 
- 
X 45,260 45,260 44,840 44,440 43,690 43,690 41,540 
C (X) 0.3 0.3 3.2 1.9 4.2 2.0 9.2 
W 44,940 44,940 41,500 43,510 39,410 41,650 32,640 
v 
99 
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M i  sma t ch 
% 
Table IX (continued) 
Code (1) 
Symbol 
N 
X 
X 
C 
W 
N 
X 
X 
C 
W 
N 
X 
X 
C 
W 
N 
X 
X 
L 
I 
V 
99 
L - 
V 
99 
L - 
V 
99 
L - 
cV 
99 
W 
E! P P P P P P 
6 -5 -4 _I 3 -2 -1 _s 0 __. 
10 10 10 10 10 10 10 
44,600 45,000 43,500 43,000 42,300 42,700 42,400 
45,270 45,210 44,580 44,630 43,490 44,250 44,210 
1,o 0.4 1.6 2.6 1.9 2.6 2.8 
44,210 44,790 42,920 41,930 41,560 41,570 41,320 
10 10 10 10 10 10 10 
45,000 45,100 44,800 41,300 40,200 40,400 32,600 
45,280 45,370 45,120 42,820 42,130 42,050 35,700 
0.3 0.4 0.4 2.5 3.2 2.8 6.2 
44,970 44,950 44,700 40,320 38,990 39,310 30,540 
10 10 10 10 10 10 10 
32,800 43,300 37,800 37,000 36,000 33,900 37,100 
43,460 44,420 43,140 39,660 40,900 37,860 39,740 
17.6 1.8 8.8 4.8 8.6 7.5 4.7 
25,640 42,560 34,300 35,220 32,700 31,240 35,390 
10 I 10 10 10 10 10 10 
37,500 41,400 35,400 32,000 29,200 27,600 24,600 
42,800 41,920 37,740 35,350 32,700 38,010 30,110 
8.8 0.9 4.4 6.8 7.6 19.6 13.1 
34,030 41,040 33,870 29,750 26,910 20,650 20,920 
- 
w99 - 
number of specimens 
minimum value of series 
average (mean) of series 
Coeff ic ient  of v a r i a t i o n  % 
estimated minimum value f o r  
99% confidence l e v e l .  
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e Statistical Analysis of Data for 0.125-inch 6061-T6m 
N 10 10 10 10 10. 10 10 
XL 44,900 45,000 44,200 45,400 45,200 41,100 40,600 
0 
15 
30 
50 
70 
(1) 
- 
X 46,830 46,150 46,910 45,950 46,710 43,250 42,300 
w99 43,670 44,210 42,320 45,090 44,100 39,610 39,440 
.N 10 9 10 10 9 9 10 
2.9 1.8 4.2 0.8 204 3.6 2.9 
XL. 46,300 37,600 44,300 44,200 34,600 45,100 44,800 
X 46,770 44,980 46,020 45,180 45,220 46,280 45,970 
w99 46,010 32,280 43,120 43,390 26,870 44,340 44,040 
N I. 0 10 10 10 10 10 10 
XL 38,300 39,100 40,300 31,400 39,000 33,200 37,700 
X 43,640 44,380 44,090 41,100 43,300 39,460 41,920 
w99. 34,740 35,580 37,690 25,100 37 , 650 28,990 34,870 
N 9 8 10 10 10 10 10 
XL 34,600 38,200 43,900 37,100 34,600 36,900 33,100 
X 42,610 40,890 44;840 41,010 40,120 38,550 37,710 
w99 28,810 35,940 43,270 34,510 30,970 35,760 29,940 
N 10 10 10 10 10 10 10 
- 
Om7 12.1 2.7 1.7 17.4 1.8 1.8 cv 
- 
c, 8.7 8.5 6.2 16.8 5.6 11.4 7.2- 
- 
cv 13.9 5.2 105 6.8 9.8 3.1 8.8 
38,900 40,000 39,900 31,300 30,500 30,400 26,300 
X 42,000 41,280 40,760 35,480 37,730 34,930 36,700 
- 
5.3 2.2 1.5 8.4 13.7 9.3 20.2 cv 
w99 36,800 39,160 39,340 28,530 25,680 27,360 19,450 
N = number of specimens cv = coefficient of variation, % 
- Wgg = estimated minimum value 
X = average (mean) of series for 99% confidence level. 
= minimum value of series 
3 13 
APPENDIX A 
SUMMARY OF WELD TEST DATA COMBINED EFFECTS OF MISMATCH 
AM) POROSITY ON 0 . 1 9 0 - I N .  THICK 2 0 1 4 - T 6  I N  THE 
AS -WELDED CONDITION 
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Table A-I, Weld Strength Data--Po Poros i ty ,  
Misanat ch 5 0% -30% -15% -0% -
45,000 
48,300 
45,300 
49,300 
49 600 
46,700 
47,200 
48 900 
51,400 
47 400 
48 700 
47 $600 
47,400 
50,900 
46,300 
51,300 
47,900 
45,700 
46,500 
50,100 
49 , 600 
36,600 
36,500 
36,100 
43,500 
39,200 
46 400 
35,700 
34,5Q0 
37,200 
37,400 
43 , 400 
47,300 
36,500 
37,100 
43 9 200 
45,900 
44,000 
45 ,000 
39,200 
40,100 
44,200 
44,000 
36,100 
33,600 
35,000 
35,500 
33,500 
36,300 
33,500 
35,700 
34,500 
36,600 
36,100 
33 , 800 
35,800 
36,400 
35,700 
34,100 
35 , 800 
37 9 200 
35,200 
33 , 200 
35 ,100 
29 700 
30,500 
32,200 
33 , 100 
31,700 
31,500 
28 200 
29 600 
28,000 
32,000 
29,800 
31,400 
30,200 
30,600 
31,400 
29,400 
30,800 
31,700 
31,500 
33,200 
33 ,000 
N 21 22 21 21 
Low 45 , 000 34,500 33,200 28 , 000 
Average 48 ,100 40 , 600 35 , 800 30,900 
High 51,400 47,300 37 , 200 33 200 
Mismatch 
Table  A-11. Weld Strength Data--P1 Porosi ty .  
0% -
43 9 TOO 
50,900 
49,300 
45,800 
47 , 900 
48 , 600 
49,400 
43 , 100 
51,200 
15% 
47,400 
46,600 
40 100 
41,800 
34,700 
46,500 
45,500 
37,300 
45 , 900 
30% 
32,100 
37,800 
35,700 
36,600 
31,400 
37,200 
41,900 
35 100 
36,700 
- 5 0% 
32,600 
33,300 
30,400 
34,700 
30 , 800 
31,500 
34 , 000 
33,400 
-
33 , 900 
7 0% 
30,000 
27,000 
26,800 
28,600 
25,300 
28 300 
25 100 
25,900 
29,000 
24 $900 
24 900 
25 , 700 
24 , 800 
29 , 900 
24 600 
24,800 
26,900 
26,700 
27 , 900 
24 400 
24 , 600 
26,400 
-
22 
24 400 
26,400 
309000 
7 0% 
23 , 400 
27,200 
26,000 
30,400 
24,400 
25 200 
26,000 
22,500 
26,500 
-
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Table A - I 1  (continued) 
0% Mismatch -
48,300 
48 , 600 
49,000 
48,800 
46,300 
48,600 
44,600 
44,800 
50,700 
47 500 
48,400 
N 20 
Low 43 , 100 
Average 47 , 800 
High 51,200 
15% 
39,400 
47 , 100 
35 100 
43 000 
35,900 
41,500 
35,500 
38,300 
42 , 100 
38,300 
-
38,400 
38 , ooo 
21 
34,700 
40 , 900 
47,400 
3 0% 
33,400 
32,700 
33,300 
36,000 
35,800 
37,200 
40,600 
37,400 
40,100 
-
35,200 
35,800 
20 
31,400 
36,100 
41,900 
50% 
32,600 
34,100 
31,300 
30,400 
30 , 500 
32,400 
32,100 
32,600 
34 $500 
31,000 
30,200 
-
20 
30,200 
32,300 
34,700 
Table A-111. Weld Strength Data--P2 Porosity. 
5 0% -3 0% -15% -0% -Mismatch 
44 , 200 
42,500 
44,900 
45 , 400 
45 , 800 
47 , 700 
46 , 800 
46,700 
47,300 
47,300 
47,500 
40 , 600 
46 , 000 
46,200 
43 , 800 
46,700 
48 , 100 
45,300 
44,000 
48 700 
44,200 
30,l.OO 
44,500 
36,600 
41,700 
46,600 
39,300 
37,900 
44,300 
34,900 
36,200 
35,400 
37,300 
38,700 
35,000 
35 000 
47 , 900 
40 600 
46,700 
32,800 
38 600 
38,200 
28 , ooo 
32,300 
35,300 
32,700 
32,700 
32,300 
37 700 
35,300 
32,900 
35,900 
36,200 
34,300 
32,300 
33,500 
35 , 700 
34,440 
33 , 000 
30,200 
32,600 
36,800 
38 , 200 
32,800 
30,100 
25,300 
25,500 
29,500 
26,500 
32,400 
27,500 
31,700 
29,100 
27,900 
30,400 
30,400 
25,200 
28 $100 
27,000 
30,700 
29 , 600 
25 , 900 
29 , 000 
28 , 300 
7 0% -
26,500 
22,400 
26 000 
23 600 
23,300 
29,700 
26,200 
27,700 
24,700 
23 aoo 
22 ,000 
20 
25,400 
30 $400 
22,000 
7 0% -
32,400 
24 , 000 
25 600 
24,100 
25 , 000 
25,200 
26 , 200 
25 , 200 
27 , 100 
24,900 
25 $800 
2.6,600 
30,900 
26 400 
28 , 400 
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Table A-111 (continued 
N 21 21 22 20 15 
LOW 40,600 30,100 28,000 25,200 24,000 
Average 45 700 39,000 33 , 900 28,500 26,500 
H i g h  48 , 700 47 , 900 38,200 32,400 32,400 
Table  IV, W e l d  S t rength  Data--P3 Porosi ty .  
Mismatch 0% 
45,000 
PI 
46,500 
41 , 100 
40,600 
44,200 
42 , 100 
44 , 900 
45 ,n>O 
45,200 
38,300 
+O,lOO 
43,700 
41,500 
44,100 
39,600 
42 , 800 
36,700 
40,500 
42 , 800 
40 , 900 
N 20 
Low 36,700 
Average 42 , 300 
H i g h  46,500 
15% 
40 , 100 
45 800 
36,400 
46 , 300 
42,100 
39,700 
41,300 
36,200 
38,700 
39,200 
47,400 
45,600 
34,000 
36,000 
46 , 300 
47 , 100 
42,400 
20 
33,000 
41,000 
47,400 
.ris-- 
44 , 900 
33,000 
37,000 
- 30% 
35,300 
33,100 
33,000 
34 , 200 
28,500 
31,700 
30,600 
30,400 
28 , 200 
32,000 
31,000 
27,900 
30 , 200 
36,000 
33,600 
34,600 
30 , 800 
30 , 300 
32,500 
20 
27,900 
31,800 
36,000 
31,708 
- 50% 
35,500 
30 , 700 
31,800 
37,700 
31 , 900 
34 , 800 
31,500 
35,000 
34 , 200 
31 $00 
29,700 
32,100 
31,900 
28,400 
33,200 
32,300 
20 
28,400 
32,700 
37,700 
33 ;goo 
33,200 
31 700 
33,000 
70% 
26,800 
25 , 100 
25,600 
25,300 
26,300 
26,600 
26 , 400 
24 , 800 
27,500 
26 , 800 
26,400 
26 , 300 
26,000 
25,300 
28,600 
23 , 900 
24 , 700 
26,400 
OI 
18 
23 , 900 
26,000 
28,600 
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Table A-V. W e l d  Strength Data--P4 Poros i ty ,  
Mismatch II 0% 
46,300 
48,100 
46 , 700 
40 , 200 
40,600 
42,100 
45 , 200 
46,000 
40,200 
43,600 
42 , 800 
44 , 100 
43 , 900 
41,200 
41,400 
46,000 
44,200 
41,500 
44,100 
39,800 
N 20 
LOW 39,80Q 
Average 43 ,do0 
H i g h  48 , 100 
Mismatch 
15% 
40,800 
43,000 
45 300 
38,300 
41,400 
41 , 900 
38,300 
44,400 
46,000 
39,100 
42,000 
36,000 
46,400 
45,700 
41,700 
39,300 
39,400 
37,300 
20 
35,000 
40,900 
-
35,000 
37,400 
46,400 
30% 
32,600 
32,400 
30,300 
31,400 
34 , 500 
35,600 
33 , 900 
31,000 
34,000 
30 , 400 
32 , 800 
35,300 
35,700 
31,000 
29 900 
30 , 700 
-
16 
29,900 
32,600 
35,700 
o_ 50"L 
31,200 
23 , 900 
30,600 
31 , 900 
32,000 
24 , 400 
31 800 
32 100 
33,800 
32,600 
28,000 
22,500 
32,500 
32,500 
26,000 
32 , 800 
32,400 
31,500 
34 , 100 
33,500 
20 
22,500 
30 , 500 
33 , 800 
Table A 4 I .  Weld Strength Data--P5 Porosi ty  
39,200 
48,600 
45,400 
42,600 
43,500 
40,300 
40 , 900 
38,700 
40 , 900 
45,200 
39,900 
- 15% 
36 , 900 
34,000 
35,400 
44 , 100 
40,800 
44 , 200 
43 , 100 
46,500 
44 , 700 
46,100 
42,400 
- 30% 
31,200 
31 , 900 
32 , 500 
31,900 
32 , 800 
32 , 900 
32,000 
28,100 
36 , 300 
32,100 
35,200 
25,000 
24,600 
32,600 
35,500 
28,000 
28,500 
27,000 
27,400 
29,400 
29,700 
27,700 
70% 
24 , 800 
27,600 
25,600 
26,600 
25,900 
25 900 
25,500 
30 , 500 
27,300 
23,500 
24,500 
24 , 700 
22,300 
27,500 
27,200 
24,700 
23,600 
25 , 100 
24,600 
24,200 
20 
22,300 
25,600 
30,500 
-
70% 
__I 
25,600 
28,100 
27,500 
27,800 
26,700 
26,700 
25,000 
24,700 
27,000 
24,700 
26,000 
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Mi m a t c h  
42,000 
40,900 
40,300 
44 , 300 
42,700 
40,500 
46,200 
43,300 
40,200 
15% <- 50% 7
46,800 31,000 29,300 
35,000 28,700 
41,700 29,900 
39,600 28 , 900 
43 100 29,600 
37,000 28,900 
40,200 
42,800 
38,600 
.N 20 20 12 17 
LOW 38,700 34,000 28,100 24,600 
Average 42 , 300 41,100 32,300 28,900 
High 48,600 46,500 36,300 35,500 
Table  A-VII. W e l d  Strength Data--P6 Porosi ty  
0% - M i  sma t ch 
39,800 
42,500 
45,500 
39,400 
44,500 
42,000 
42,300 
42,200 
43,300 
42,800 
42,400 
44,300 
43,400 
42,400 
41 , 900 
45,200 
45,400 
42 , 900 
45,000 
45,200 
N 20 
Low 39,400 
Average 43,100 
H i g h  45,500 
- 15% 
43,500 
39 , 900 
38,200 
40,300 
39,800 
40,000 
40,400 
37,300 
37,400 
38,700 
42,200 
42,300 
46,500 
36,800 
37,500 
37 9 900 
37,700 
44,000 
38,700 
37,900 
20 
36,800 
39,800 
46,500 
30% -
34,200 
30,200 
30,600 
31,900 
36,700 
34,400 
32,100 
39,000 
39,700 
40,100 
34,500 
33 , 900 
35 , 800 
32,200 
33,200 
31,000 
32,500 
34,900 
39,600 
1 9  
30,200 
34,300 
40,100 
50% 
32 , 700 
2 9,400 
38,400 
25,600 
29,700 
31,600 
34 100 
31 , 100 
30,700 
33 , 700 
30,600 
33,400 
30,100 
-
37,000 
14 
25,600 
32,000 
38,400 
I_ 70%
25,300 
25 , 000 
24,400 
23,500 
22,600 
25,300 
22,000 
18 
25,500 
28,100 
22,000 
70% 
24,.300 
25 , 900 
26,100 
24,400 
25,100 
24,900 
26,500 
25 , 300 
26,600 
24,600 
25,200 
27,600 
27,800 
29,200 
23,000 
24,100 
23,500 
27,400 
29,300 
23,900 
-
20 
23,000 
25,700 
29,300 
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DISCUSS I O N  
M r .  Jackson: One of the things I ' m  going t o  ask  t o  s t a r t  of f  the 
d iscuss ion:  do you have any guess as t o  what percentage of l a c k  of material 
you have i n  a .P-6 poros i ty?  Would i t  be 3 percent?  
M r .  Bandelin: You r e f e r  t o  c ross  s e c t i o n a l  area-? 
M r .  Jackson: Density.  
M r .  Bandelin: I would say our P-6 l e v e l  goes up i n  the area of 5 t o  
6 percent ,  
of 5 go 6 percent c ross -sec t iona l  reduct ion.  
Progressively from P-0 down, y o u ' l l  f i n d  it goes up t o  a maximum 
M r .  Jackson: I n  many of those curves,  you showed a drop of about 
roughly 10 percent i n  t e n s i l e  s t r eng th  going t o  maximum porosi ty .  
M r .  Bandelin: Ten percent t o  f i f t e e n  percent maximum. 
M r .  Jackson: Good, we have another quest ion.  
M r .  Bandelin: E i ther  they d i d n ' t  understand i t ,  o r  i t  was no good. Which 
i s  i t ?  
M r .  Brown: I f  I understood you co r rec t ly ,  I th ink  you have indulged i n  
some dangerous thinking,  and I ' d  l i k e  t o  g e t  i t  c l a r i f i e d .  F i r s t  of a l l ,  I ' d  
l i k e  t o  know exac t ly  what you're t ry ing  t o  prove s ince  we know t h a t  poros i ty  
and mismatch are  both, taken alone o r  together ,  dangerous things.  When you 
made the statement ou t r igh t  t h a t  these d i d n ' t  have any p a r t i c u l a r  e f f e c t ,  o r  
d i d n ' t  h u r t  the  strength---even t h i s  heavy porosity---were you t a lk ing  about 
dynamic load o r  only the l imited t e n s i l e  tests you were doing? ,  Because I think 
you're walking on quicksand e 
M r .  Bandelin: I had reference t o  t h a t  on the 2014 heavy ma te r i a l  where 
mismatch played a heavy r o l e  i n  f a i l u r e .  From the  many tests t h a t  I ' v e  run 
p r io r  t o  t h i s ,  on poros i ty  by i t s e l f ,  and on mismatch by i t s e l f ,  I must repeat--- 
whether I ' m  being f ace t ious  with my statement o r  not--- that  the  heavier  you 
go i n  the 2014 a l l o y s ,  the more important the mismatch and the more c r i t i c a l  
i t  becomes t o  you from a f a i l u r e  a spec t ;  much more than the poros i ty  l e v e l s  
t h a t  we're f ind ing  i n  there  caused by t h i s  hydrogen o r  many, many o ther  things.  
New Speaker: We i n  manufacturing don ' t  w a l k  on water,  and whether w e  l i k e  
i t  o r  not ,  we end up with mismatch and the gaps and t h i s  type of thing.  During 
the Bomarc program i n  Boeing, w e  found t h a t  some 50 percent of a l l  weld repa i rs  
were made on r e p a i r s .  
degradation of j o i n t  p roper t ies .  -1 f ind  i t  d i f f i c u l t  t o  be l ieve  t h a t  we're 
ever going t o  be ab le  t o  bu i ld  l a rge  boosters  wi th  extensive inches of 
welding without having t o  do some repa i r .  
these r e p a i r  areas are going t o  be the  weak poin ts  i n  the  whole ghain.  
l e t ' s  look a t  them pxac t ica l ly .  
r e p a i r  i s  going t o  be worse than the  o r ig ina l  de fec t .  
We've done a l o t  of s tudy of the e f f e c t  of re - repa i r ing  on 
And almost undoubtedly, some of 
SO 
L e t ' s  not  make r e p a i r s ;  the chances a re  t h a t  
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M r .  Bandelin: I th ink  you got  my poin t  very we l l ;  t h a t ' s  what I t r i e d  
t o  put, over,  one of the  poin ts .  
M r .  Sape r s t e in :  I th ink  I ' l l  have t o  go along with H i  Brown here ,  t h a t  
some of the comments t h a t  you have made a r e  undoubtedly v a l i d ;  however, I 
th ink  we have t o  l e a r n  a l o t  more, e s p e c i a l l y  a s  H i  po in ts  ou t , . abou t  dynamic 
loading condi t ions .  
may be important, bu t  a l s o  the proximity of a p o r e . t o  a f r e e  sursface, t h a t  i s ,  
the d i s t r i b u t i o n  of the poros i ty .  I think t h a t  i n  some work t h a t  we have done 
there  i s  some i n d i c a t i o n  t h a t  a pore can be generated i n t o  a c rack , ' and  a crack 
can be very damaging i n  low cyc le  f a t i g u e  behavior. So, I th ink  we have t o  be 
a b i t  cau t ious .  
It is  not only the  t o t a l  concent ra t ion  of poros i ty  t h a t  
M r .  Bandelin: There's  no doubt t h a t  you're co r rec t .  However, I don ' t  see  
much published, and I ' m  one t h a t  loves to read ,  on the combined e f f e c t s  of 
poros i ty  and mismatch. 
o r  w r i t t e n ,  where they gave r e s u l t s .  
of you, t h i s  is a s t a r t ,  gentlemen. 
we have manufactured, bu t  l e t ' s  f i n d  out  i f  we're making c o r r e c t  assumptions 
i n  removing c e r t a i n  th ings  t h a t  could degrade them even worse than they a r e .  
And I ' m  t ry ing  t o  put the  thought i n t o  you-r head, and everyone's head, t h a t  more 
work should be done i n  t h i s  a r ea .  
but i f  I t read  on your toes ,  don ' t  whine. 
I don ' t  ever r e c a l l  seeing any paper, ever  presented 
What I ' m  t ry ing  t o  put f o r t h  t o  everyone 
L e t ' s  no t  continuously t r y  t o  degrade what 
And a s  I s a i d ,  I don ' t  mean t o  be f ace t ious ,  
M r .  Brown: You s t i l l  haven ' t  answered my question---what a r e  you up to--- 
i s  the f i r s t  question. Secondly, I don ' t  th ink  the re  i s  anything new o r  ea r th -  
shaking i n  the f a c t  t h a t  the  th icker  the  ma te r i a l ,  the more s e n s i t i v e  i t  i s  t o  
notch d u c t i l i t y ,  which is t he  e f f e c t  you have from a mismatch, 
dangerous t o  combine t h a t  knowledge, which you a l ready  have, with the  knowledge 
which we do not have on the e f f e c t  of t h i s  combination. 
f i n d  o u t  i s  why a r e  you t ry ing  t o  combine t h e  two. 
having c o n s i s t e n t l y  o r  what exac t ly  a r e  you up t o ?  
I think i t ' s  
What I ' m  t ry ing  t o  
Is  i t  a problem you're 
. M r .  Bandelin: Being a foundryman, I guess you're not 4s  fami la r  with the  
ptoblem of bui ld ing  the  missiles a s  many of us a r e .  (Laughter) I heard the 
man from Boeing s t a t e ,  about the  Bomarc, the  problem.they have on r e p a i r ;  I 
know the  problems the  NASA people a r e  having down here  with Sa turn  f a b r i c a t i o n ;  
I know the  problems t h a t  t hey ' r e  having a t  Michoud on mismatches, and I know 
about many o the r  companies the  same as you. I must admit, they'.re ho t  a l l  the 
same m a t e r i a l s ;  some of them a r e  2014, 6061, some a r e  2219, you name i t .  What 
I t r i e d  t o  poin t  ou t  i s  t h a t  t h i s  condi t ion  does occur. It v a r i e s  with the  type 
of ma te r i a l  you have and the condi t ions  of the  ma te r i a l .  And I t r i e d  t o  poin t  
ou t  t h a t  i n  the  2014, i t  was worse, i f  I can be so s a r c a s t i c  a s  t o  say  t h i s ,  
when w e  go t  i n t o  the  higher mismatch conditions than i t  was i n  the  6061. And 
I a l s o  mentioned t h a t  i t  was more preva len t  as the  heavier the  ma te r i a l  became i n  our 
studies,, Now, you may have s t u d i e s  t h a t ' a r e  d i f f e r e n t - - - a l l  of us th ink  a l i t t l e  
d i f f e ren t ly - - - I ' ve  heard s i x t e e n  men t a lk ing  on poros i ty  formation, how poros i ty  
came about,  and I ' v e  heard d i f f e r e n t  opinions of d i f f e r e n t  people about how the  
hydrogen a f f e c t s  c e r t a i n  th ings .  This i s  my thought and my s tud ie s ,  and I ' m  only 
t ry ikg  t o  convey them t o  you f o r  your he lp  i f  you need i t .  
M r .  Jackson: Another question. Right he re ;  a l l  r i g h t ,  .Frank, 
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Comment: I only have one comment t h a t  I would l i k e  t o  add. The 
You can e l imina te  a grea: dea l  of t he  work i n  regard t o  d i s t o r t i o n  and 
r epa i r ing  of 2014 o r  any o ther  ma te r i a l  does not necessa r i ly  des t roy- the  
p a r t .  
mechanical degradation by simply packing the  prepared a rea  i n  dry ice. 
M r .  Jackson: There i s  one ques t ion  down here.  
M r .  Wuenscher: I wanted t o  emphasize, a l s o ,  t h a t  whenever the  p a r t s  are 
It i s  no longer j u s t  a ques t ion  of weld technology. 
a l l  m i l l i o n  d o l l a r  p ieces ,  and you have po ros i ty  and mismatch, you j u s t  have 
t o  make i t  work. 
th ink  t h a t  we must start  ou t  with a 'weld-repair technology'. I th ink  t h i s  
presenta t ion  i s  a good s t a r t .  
I 
M r .  Jackson: J i m  says we're behind schedule now, so ' t h i s  i s  i t .  Thanks 
Bernie. 
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INTRODUCTION 
This t a l k  i s  about an automatic welding process t h a t  i s  r e s p o ~ s i v e  
t o  i r r e g u l a r  condi t ions t h a t  occur during the  welding operat  ion as we 11 
as non-uniform condi t ions e x i s t i n g  p r i o r  t o  welding. A s  we see it ,  t h e  
main problem i n  automatic welding is  the  welding operat ion i t s e l f  generates  
fo rces  t h a t  cont inua l ly  tend t o  c r e a t e  v a r i a b l e  thermal condi t ions a s  we 
proceed along t h e  j o i n t .  E i the r  t hese  changes must be minimized by elab- 
o ra t e  f i p t u r i n g  - which is an expensive undertaking - or an i n t e l l i g e n c e  
and cont ro l  system t h a t  can dynamically r e a c t  t o  them i s  required.  While 
t h i s  problem has been the  sub jec t  of recent  indus t ry  study, t o  t h e  authors! 
b e s t  knowledge, no automatic welding equipment i s  y e t  avai lable .  The point  
of t h i s  paper i s  t h a t  Republ icfs  Self-compensating T I G  method i s  somewhat 
d i f f e r e n t  than  the  conventional approach towards a t t a i n i n g  automatic welding. 
The remainder of t h i s  t a l k  w i l l  be divided i n t o  th ree  p a r t s ,  F i r s t  
we w i l l  b r i e f l y  review some welding theory, then we w i l l  present  Republ icfs  
concept, and f i n a l l y  w e  w i l l  d i scuss  the r e s u l t s  of laboratory tes t s  sup- 
port ing o u r ' t h e s i s .  
p resent ly  i n  the  development s tage.  
A's you may have gathered t h e  Republic process i s  
WELDING THEORY 
The .shape of a w e l d  deposi t  i s  control led by maintaining a local ized 
frthermal balanceff. When the  thermal balance i s  dis turbed,  the power re- 
quired t o  produce an optimum q u a l i t y  weld changes. 
Now t h e  t e r m  llthermal balance" i s  admittedly nebulous, e s p e c i a l l y  
s ince  we do no t  intend t o  propose any boundary condi t ions.  But we submit 
t h a t  a very good indica tor  o r  measure of thermal a c t i v i t y  during the welding 
operat ion i s  t h e  su r face  of t h e  l i q u i d  i n  t h e  weld c r a t e r .  I f  t he  c r a t e r  
surface i s  accepted a s  a s i g n i f i c a n t  w e l d  parameter we then ask,  why does 
i t  vary during the  welding operation? This occurs i n  most cases because 
the local ized sens ib le  heat  s i n k  i s  dis turbed;  f o r  example, t he  workpiece 
i s  making e r ra t ic  contact  with t h e  weld f i x t u r e .  
t h a t  t h e  weld c r a t e r  responds t o  a change i n  t h e  thermal balance. 
I n  any case we assume 
Now consider t h e  power consumed i n  a welding arc .  Refer t o  Figure 1. 
Commercial welding power sources a r e  designed t o  provide an e x p l i c i t  r e l a -  
t i o n s h i p  between terminal  vol tage and current .  With t h e  exception of 
constant  current  and constant vol tage sources, a change i n  one parameter 
r e s u l t s  i n  a d e f i n i t i v e  response i n  the  other.  This s t a t i c  load v o l t -  
ampere r e l a t i o n s h i p  curve i s  known as the power source c h a r a c t e r i s t i c .  
For any spec i f ied  gas atmosphere, e lec t rode  composition and shape, 
d i s tance  between e lec t rode  and anode, and workpiece composition, every 
arc e x h i b i t s  a s p e c i f i c  volt-ampere r e l a t ionsh ip .  
a t  a constant  a r c  length i s  accompanied by a change i n  voltage.  On the  
other  hand, an e n t i r e l y  new volt-ampere r e l a t i o n s h i p  i s  defined i f  the arc 
length i s  changed. This  r e l a t i o n s h i p  between a r c  current ,  a r c  vol tage and 
arc length is  c a l l e d  the  a r c  c h a r a c t e r i s t i c ;  it depends e n t i r e l y  on t h e  
preva i l ing  welding condi t ions and i s  t o t a l l y  independent of t h e  type of 
power source 
Any change i n  current  
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LEVEL OF CURRENT 
ARC CHARACTERISTIC 
FOR CONSTANT ARC LENGTH 
CURRENT -jC 
Figure 1. Combined Power Source Charac t e r i s t i c  and 
A r c  Cha rac t e r i s t i c  Curves 
The p a r t i c u l a r  l eve l  of ' cur ren t .  and vol tage  a t  which a s t a b l e  welding 
a r c  operates  is determined by the  i n t e r s e c t i o n  of the two c h a r a c t e r i s t i c  
curves 
SELF- COMPENSATION SYSTEM 
The self-compensation system discussed he re in  i s  designed t o  auto- 
mat ica l ly  r egu la t e  the  power input t o  the  workpiece by using t h e  welding 
a r c  and the s t a t i c  load c h a r a c t e r i s t i c  of the power source a s  sensing and 
con t ro l  devices respec t ive ly .  
The f i r s t  requirement of a l l  automatic welding systems i s  t o  generate  
an e r r o r  s igna l .  That is, a device , i s  needed t o  continually'ffmeasureff a 
weld c h a r a c t e r i s t i c  and t o  compare t h i s  i n t e l l i g e n c e  with a standard.  
A reasonable plan seems t o  be t o  measure the crater depth with the  
welding a r c o  For the  sake of discussion,  the s t i p u l a t i o n  i s  made t h a t  
proximity between the e lec t rode  and workpiece i s  accura te ly  maintained 
without using the  arc vol tage t o  con t ro l  t h i s  function. When t h i s  re-  
quirement i s  s a t i s f i e d ,  the  a r c  lengrh can be used as an instrument f o r  
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measuring the weld crater. More important,  a change i n  a r c  length i s  
ind ica t ive  of a change i n  the  immediate welding condi t ions.  
t h e  welding arc i s  i t s e l f  a simple, durable,  reproducible ,  quick ac t jng  
sensing device e 
Thus employed, 
Referr ing t o  Figure 2, i t  can be seen t h a t  the  i n t e r s e c t i v n  of t he  
power source c h a r a c t e r i s t i c  curve with the  new arc c h a r a c t e r i s t i c  curve 
determines the  welding system response t o  an arc length va r i a t ion .  
inspec t ion  of Figure 2, r evea l s  t h a t  e i t h e r  an increase  or decrease i n  
power can r e s u l t  depending e n t i r e l y  upon the  s lope of t he  power source 
c h a r a c t e r i s t i c  curve. 
s e l ec t ed  p r i o r  t o  arc i n i t i a t i o n  and es tab l i shed  during welding f o r  any 
condi t ion t h a t  causes a predic tab le  v a r i a t i o n  i n  arc length. 
Further  
From t h i s  we induce t h a t  a power l eve l  can be 
The self-compensating TIG mechanism can-now be defined more precise-  
ly. A s ’ a  change i n  welding condi t ions i s  detected by the  arc, t h i s  s i g n a l  
combined with a c a r e f u l l y  se l ec t ed  power source c h a r a c t e r i s t i c  automatical ly  
ad jus t  t he  power suppl ied t o  t h e  weld t o  counteract  t h a t  change. 
CURRENT _______) 
Figure 2. Effec t  of Power Source Charac t e r i s t i c  
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But, how do we know what t h e  power source c h a r a c t e r i s t i c ,  should be 
f o r  a p a r t i c u l a r  s i t u a t i o n ?  
Consider a b u t t  joint , ,shown i n  Figure 3, i n  which the  root  opening 
v a r i e s  as welding progresses  along the j o i n t .  
specimens with uniform root  openings which a r e  respec t ive ly  equal  t o  the 
roo t  openings a t  s ec t ions  A-A and B-B. Both the  heat s ink  and the  power 
required t o  make a s a t i s f a c t o r y  w e l d  a t  any sec t ion  i n  the test  specimens 
are assumed t o  be equivalent  (neglect ing t r a n s i e n t  e f f e c t s )  t o  the corre-  
sponding sec t ion  i n  the o r i g i n a l  weld j o i n t .  
determined f o r  t he  test  specimens i n  which the  d i f fe rences  between schedules 
are r e s t r i c t e d  t o  cur ren t ,  vol tage,  and arc length (d is tance  between t i p  
o f  tungsten and weld crater)  and the  other  parameters such as t r a v e l  speed, 
wire  feed speed, and proximity (d is tance  between t i p  of ' tungsten and work- 
piece su r face )  are constants .  
and Q represent  t h e  welding schedules f o r  t he  t e s t  specimens as w e l l  as 
s a t i s f a c t o r y  power l eve l s  f o r  s ec t ions  A-A and B-B, respec t ive ly .  
Assuming a l i n e a r  r e l a t ionsh ip  between j o i n t  condi t ion and required power, 
t he  bes t  curve (or  l i n e )  t h a t  can be f i t t e d  t o  the  poin ts  represent ing  the 
welding schedules ( i n  t h i s  case poin ts  P and Q) def ines  the power requi re -  
ments f o r  the  given conditions.  
source c h a r a c t e r i s t i c .  
Figure 4 shows two tes t  
Weld schedules are then 
Referr ing t o  Figure 5 ,  note t h a t  po in ts  P 
This  curve i s  a l s o  t he  required power 
When the self-compensation system i s  i n  e f f e c t ,  how does t h e -  
cont inua l ly  changing power l eve l  remain synchronized with the  joi.nt con- 
d i t i o n  f o r  which i t  is intended? Remember t h a t  we use a r c  length t o  
measure a p a r t i c u l a r  welding condition. Through the  in t e r sec t ion  of t he  
two c h a r a c t e r i s t i c  curves the  power l eve l  i s  a l s o  t i e d  t o  arc length. 
Thus the e f f ec t iveness  of the'welding system is  dependent on the  accuracy 
of t he  arc length reproduction. 
The Republic welding system can be summarized as follows: 
(1) Adverse condi t ions such as var iab le .  roo t  opening and hea t  
s ink  a r e  r e f l e c t e d  i n  changes i n  t h e  weld c r a t e r .  
(2) The changes i n  the  c r a t e r  s i z e  a r e  sensed by the  arc as changes 
i n  arc length. 
( 3 )  The volt-ampere c h a r a c t e r i s t i c  of the  power source is se lec ted  
i n  such a manner t h a t  the change i n  arc length r e s u l t s  i n  an 
automatic and counteract ing power adjustment. 
DEMONSTRATION OF SELF-COMPENSATION TRENDS 
A premise of the  welding system i s  t h a t  with constant  proximity, 
the arc length w i l l  be responsive t o  f l u c t u a t i o n s i n  the  weld c r a t e r  caused 
by a non-uniform heat  sink. 
welding labora tory  support the  v a l i d i t y  of t h i s  assumption. 
Various expercments performed i n  Republic's 
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Figure '3. Fitup Variation as  Welding Progresses 
SECTION A-A 
Figure 4 .  
Y 
SECTIC 
Equivalent Heat Sinks 
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3 -B 
WELDING SCHEDULE 
TRAVEL SPEED 
VY! 
VX 
CURRENT b 
Figure 5, Power Source Status Characteristic Determination 
on the Basis of Optimum Welding Schedule 
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Effec t  Of Rate Of Heat Input 
It was demonstrated t h a t  arc length changed i n  response t o  v a r i a t i o n  
i n  the  r a t e  of heat  input t o  the  weld. 
fusion bead was welded on 114 inch aluminum p l a t e .  
meters w e r e  held constant  during the  tes t  with t h e  exception of t r a v e l  
speed which was i n t e n t i o n a l l y  var ied.  The d is tance  between tungsten t i p  
and workpiece (proximity) var ied  from t e s t - t o - t e s t .  
s e n t a t i v e  of t h e  welding cu r ren t  response t o  t h e  d e l i b e r a t e  increase and 
decrease i n  travel speed. 
change i n  current  r e s u l t e d  from a change i n  a r c  length-in accordance with 
t h e  previously described i n t e r a c t i o n  between power supply and a r c  length 
c h a r a c t e r i s t i c s  - which i n  t u r n  had been caused by a change i n  t h e  weld 
c r a t e r  created by t h e  i n t e n t i o n a l  v a r i a t i o n  of t r a v e l  speed. 
Several  t es t s  were made i n  which a 
A l l  welding para- 
Figure 6 i s  repre- 
It i s  Republic 's  i n t e r p r e t a t i o n  t h a t  t h e  
Effect  Of Heat Sink 
Another series of t es t s  were designed t o  show t h e  e f f e c t  of a 
v a r i a b l e  heat  sink. Fusion w e l d s  were made along t h e  longi tudinal  center  
l i n e  of a s p e c i a l l y  designed aluminum specimen. 
and t h e  observed v a r i a t i o n  i n  cu r ren t  a s  welding progressed i s  shown i n  
Figure 7. Observe t h a t  i n  every case the  cu r ren t  decreased when t h e  arc 
passed an area with a reduced adjacent  mass. 
i s  the same a s  i n  t h e  previous experiment, t h a t  i s ,  the a r c  length changed 
i n  response t o  a dis turbance of t h e  weld thermal balance. 
The geometry of t he  specimen 
The ana lys i s  of t h e  r e s u l t s  
E f fec t  Of The Power Source S t a t i c  C h a r a c t e r i s t i c  
A s impl i f ied  empir ical  technique f o r  s e l e c t i n g  a p a r t i c u l a r  
c h a r a c t e r i s t i c  was demonstrated by conducting t h e  following experiment. 
A power source volt-ampere c h a r a c t e r i s t i c  curve w a s  required t h a t  would 
provide constant penetrat ion i n  an 118 inch s t a i n l e s s  s tee l  workpiece 
while t he  proximity (d i s t ance  between tungsten t i p  and workpiece) was 
var ied  between 1/16 and 114 inches. 
Several  t e s t  p l a t e s  were fusion welded a t  d i f f e r e n t  values  of 
cur ren t  and vol tage f o r  each s p e c i f i c  proximity invest igated.  Weld pene- 
t r a t i o n  w a s  measured and the  cu r ren t  versus  penetrat ion r e l a t i o n s h i p  f o r  
constant proximity was p lo t ted  t o  determine t h e  curves shown i n  Figure 8a. 
The proximity-volf-ampere c h a r a c t e r i s t i c s  f o r  t he  preva i l ing  welding 
condi t ions ( s t a i n l e s s  s t e e l  workpiece, argon gas, 2 percent thor ia ted  
tungsten e l ec t rode ,  e tc . )  was a l s o  determined and t h e  curves p l o t t e d  as 
shown i n  Figure 8b. 
The des i red  power source c h a r a c t e r i s t i c  was thereupon determined 
graphica l ly  by t r a n s f e r r i n g  t h e  cur ren t  values  obtained a t  f u l l  pene t ra t ion  
f o r  each proximity t o  the  corresponding proximity-volt-ampere curve 
(Figures 8a and 8b). 
i s t ic  should d isp lay  a r i s i n g  slope of 45 v o l t s  per  100 amperes f o r  t h e  
range of proximity v a r i a t i o n s  covered. 
I n  t h i s  ins tance  the  des i red  power source character-  
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TRAVEL SPEED, IPM 
Figure 6 .  Welding Current Response To Deliberate 
Change i n  Travel Speed 
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CONDITION 
15.5 IPM; POWER 
SOURCE CHAR. "A" 
,005 I N .  ARC LENGTH; 
. 10 IPM; POWER 
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CURRENT 
G 
2 80 
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F i g u r e  7, Welding C u r r e n t  R e s p o n s e  t o  C h a n g e  i n  H e a t  Sink 
332 
' I  I 
170 180 190 200 210 220 230 240 250 
CURRENT 
A) PENETRATION - CURRENT - PROXIMITY RELATIONSHIP 
/ I  I 
RESULTANT POWER 
SOURCE CHARACTERISTIC 
13 
170 180 190 200 210 220 230 240 250 
CURRENT 
SI PROXIMITY CHARACTERISTICS 
Figure 8. Power Source Static Characteristic Determination on 
the Basis of Experimental Welding Data 
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DISCUSSION 
M r .  Jackson: This i s  t h e  f i r s t  t a l k  we've had on arc c h a r a c t e r i s t i c s  
and power sources i n  t h i s  session.  
quest ions c q i n g  up. 
here.  Matt Waite? 
I t h i n k  we have another series of 
Do w e  have a quest ion coming up? Here's one r i g h t  
M r .  Waite: If  I understood c o r r e c t l y ,  i n  your very i n t e r e s t i n g  
paper, M r .  Goldstein,  you showed where the w i r e  feed w a s  kept constant ,  
t h e  t r a v e l  speed was kept constant ,  and t h e  gap i n  t h e  j o i n t  t o  be f i l l e d  
w a s  varied.  I ' m  wondering j u s t  how t h i s  would a l l  t i e  together  because 
i f  the t r a v e l  speed and w i r e  feed were constant  t he re  would only be a 
f i x e d  amount of f i l l e r .  
M r .  Goldstein:  The proximity was kept constant ;  t h e  d is tance  
between tungsten and the  work base was constant ;  t h e  t r a v e l  speed was 
kept constant ,  as you say; and t h e  w i r e  feed was  kept constant---cold 
wire- - - th i s  i s  tungsten (TIG) process. The change i n  arc length was due 
t o  change i n  the  weld crater s i z e  i t s e l f - - - t h e  depth of t he  crater i n t o  
t h e  workpiece. 
M r .  Waite: But i f  w e  had a s i t u a t i o n  wherein you needed a square 
inch cross  s e c t i o n  f i l l e d  and a d i f f e r e n t  s i t u a t i o n  where you needed a 
f u l l  square inch of c ros s  s e c t i o n  f i l l e d ,  with constant  w i r e  and t r a v e l  
speed you would only g e t  a h a l f  square inch of cross  s e c t i o n  f o r  t h e  big 
f i l l  and t h e r e  would not be enough t h e r e  t o  f i l l  it. 
M r .  Goldstein: Y e s ,  s ir .  You a r e  c o r r e c t  t o  t h a t  point .  This i s  
t h e o r e t i c a l l y  how it would work. The poin t  of t h i s -was  t o  show t h a t  we 
could g e t  constant  penetration. Now i f  we were a l s o  concerned with t h e  
reinforcement on top, perhaps w e  could use some other  device t o  con t ro l  
t h e  w i r e  feed speed. 
M r .  Chyle: Jack, I t h i n k  you a r e  on t h e  r i g h t  t r a c k  as f a r  a s  power 
source c h a r a c t e r i s t i c s  a r e  concerned. W e  have seen s i m i l a r  r e s u l t s  t h a t  
you spoke about. Your one i l l u s t r a t i o n  where you had v a r i a b l e  hea t  s i n k  
was an i n t e r e s t i n g  one, because where you had i t  narrow, t h e  cu r ren t  went 
down. I looked a t  t h a t  a s  possibly a change i n  t h e  r e s i s t a n c e  of your 
c i r c u i t ,  and t h a t  the e f f e c t  on vol tage is  such t h a t  it changes t h e  
amperes a t  t h e  same t i m e .  I f  
you leave everything t h e  same and j u s t  run a bead on s o l i d  p l a t e ,  simpli-  
f i e d ,  y o u f l l  f i nd ,  too, t h a t  t h e  cu r ren t  changes with no physical  changes, 
whether i t ' s  hot  o r  cold. And again, it has a r e l a t i o n s h i p ,  I bel ieve,  
i n  the  t o t a l  r e s i s t a n c e  of t h e  c i r c u i t .  But a l l  i n  a l l ,  with the work 
t h a t  is being done i n  t h i s  a r ea ,  I ' d  say t h e r e ' s  hope f o r  g e t t i n g  a power 
source of the kind t h a t  you wantt I don ' t  th ink  it i s  ava i l ab le ,  off  
t he  s h e l f ,  but I think t h e r e ' s  work being done i n  t h a t  a r ea  so t h a t  i t  
w i l l  be self-compensating f o r  t h e  thing t h a t  you a r e  s t r i v i n g  for .  I 
can say t h a t  t he  work w e  have done does p a r a l l e l  w i t h  your thinking. 
I th ink  preheating does t h e  same thing. 
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M r ,  Goldstein: The only piece of equipment we need right '  now is  one 
t h a t  w i l l  g ive any power source c h a r a c t e r i s t i c  t h a t  we may so choose. 
And we have worked out a black box. device t h a t  w e ' l l  be t ry ing  a t  the  end 
of t h i s  month t o  j u s t  a t t a c h  t o  any power source t h a t  w i l l  be a b l e  t o  do 
t h i s .  
M r .  Schwinghamer: I might'have cut the f ea tu re  here ,  I don ' t  know, 
but what mater ia l  were you using.: Was it aluminum? 
M r ,  Goldstein:  I n  every case,  except the last  instance,  it w a s  
aluminum. 
M r .  Schwinghamer: And what sh ie ld ing  gas? 
M r .  Goldstein:  I bel ieve we were using Argon. 
M r .  Schwinghamer: Well, you see  the  quest ion I r e a l l y  wanted t o  
ask was what would you observe with regard t o  those c h a r a c t e r i s t i c  curves 
i f  you s ta rked  t o  switch gas mixture, e spec ia l ly  with regard t o  the puddle 
or  the c r a t e r  depth? 
M r .  Goldstein:  Oh! The a r c  c h a r a c t e r i s t i c  curves? Well, c e r t a i n l y  
the  a r c  c h a r a c t e r i s t i c  curves would change. 
Hopkins has published a g rea t  dea l  about i t - - - t h e  e f t e c t  of gas atmosphere 
around the  a rc .  
I th ink  t h a t  Jones of Johns 
M r .  Schwinghamer: The point  i s ,  the re  would be some degree of 
e f f e c t  i n  s e n s i t i v i t y ,  I think,  wouldn't t he re?  
M r .  Goldstein:  Yes. 
Mr. Schwinghamer: I t ' s  going t o  r a d i c a l l y  e f f e c t  the  s e n s i t i v i t y .  
Suppose you ran  a 100 percent Helium. This changes the c r a t e r  depth 
considerat ion e n t i r e l y .  
M r ,  Goldstein:  Y e s ,  t h i s ' q u e s t i o n  i s  w e l l  taken. This i s  the  
beginning. A l l  t h i s  has  t o  be worked out and f e l t  along with. The 
s e n s i t i v i t y  would change, 
M r .  Bandelin: I agree with M r .  Chyle. I th ink  you a r e  absolu te ly  
i n  the  r i g h t  d i r ec t ion ,  and w e  need t h i s  very badly. However, have you 
considered the e f f e c t s  of t he  type of work t h a t  you a r e  doing on the 
r e l a t ionsh ip  of mismatch; do you t h i n k . t h a t  you w i l l  be ab le  t o  con t ro l  
t h i s  with. the  complete pene t ra t ion ,  a l s o ?  
M r .  Goldstein:  Y e s ,  a c t u a l l y  t h i s  i s  one of the  problems i n  
development, t o  f ind  out what p a r t i c u l a r  c h a r a c t e r i s t i c  you have t o  have 
t o  g e t  equivalent  heat  s inks,  This i s  p a r t  of t he  development, and w e  
th ink  we could do i t .  &ow, t he re  might be one add i t iona l  requirement f o r  
mismatch. And t h a t  i s  to change t h e  loca t ion  of t he  tungsten r e l a t i v e  t o  
the  j o i n t ,  
input t o  the  j o i n t ,  
This would not do tha t .  This would only change the power 
W e  a r e  going i n  t h a t  d i r e c t i o n  of study. 
M r .  Jackson: Can we have one more? 
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M r .  Gaw: I would l i k e  t o  ask t h e  question. Were you cas t ing  t o  a 
backing bar,  o r  w a s  the gap f r e e l y  unsupported i n  space and your weld 
puddle allowed t o  form between the  two p l a t e s  and r e t a i n  i t s  pos i t i on  by 
c a p i l l i a r y  a c t i o n ?  
M r .  Goldstein: Well, t h a t  f i r s t  i l l u s t r a t i o n  was t h e o r e t i c a l .  The 
case of t h e  va r i ab le  speed and the  sca l lops  s i t u a t i o n  was j u s t  a bead on 
p l a t e  e 
Mr. Gaw: Okay. For t h e  s i t u a t i o n  t h a t  you have described, I ge t  
t he  impression t h a t  you a r e  de tec t ing  the  change i n  d i s t ance  between the  
tungsten and the  molten sur face  a s  a r e s u l t  of the  weld puddle dropping 
€rom the  tungsten and c rea t ing  a voltage change across  the  a rc .  
M r .  Goldstein: Almost. We a r e  de t ec t ing  a change i n  the  a r c  
c h a r a c t e r i s t i c  which is more than j u s t  a vo l tage  change. 
M r .  Gaw: The way you have drawn up your power supply curve, t h a t ' s  
t r u e ,  but e f f e c t i v e l y  you're a l t e r i n g  your a r c  length; i s n ' t  t h a t  t r u e ?  
M r .  Goldstein: Y e s ,  e f f e c t i v e l y  we are changing t h e  a r c  length, but 
t h e  poin t  is ,  t h a t  when we change the  a r c  length., w e  a r e  doing more than 
j u s t  changing the  voltage.  
M r .  Gaw: Sure, you are .  With your power supply, you're a c t u a l l y  
designing a servo  system t h a t  is very e f f e c t i v e .  
M r .  Goldstein: The poin t  is ,  the  servo  system a l ready  e x i s t s  with 
t h e  ordinary welding c i r c u i t .  We're j u s t  t r y i n g  t o  e x p l o i t  i t .  
M r .  Gaw: Have you e s t ab l i shed  y e t  t h a t  t h i s  se rvo  system i s  
e f f e c t i v e  i n  doing what you want i t  t o  do a t  a l l ?  
M r .  Goldstein: No, not yet.  
M r .  Hackman: I ' d  l i k e  t o  p red ic t ,  i f  I can, your f i r s t  s i t u a t i o n  
i s  not even a question. I th ink  i t ' s  a f a c t .  In  o ther  words, I th ink  
you a r e  going t o  be q u i t e  successfu l  with t h e  drooping c h a r a c t e r i s t i c  of 
t h e  CP type power supplies---any t h a t  l i e  i n  t h i s  region. However, i n  t h e  
o the r  case of t he  r i s i n g  c h a r a c t e r i s t i c ,  t he  pos i t i ve  r e s i s t ance  w i l l  
exceed the  c h a r a c t e r i s t i c  of t h e  arc. I th ink  you may be headed f o r  an 
uns tab le  condi t ion  because t h i s  i s  the  same s i t u a t i o n  t h a t  would occur 
i f  you were t o  t ake  a r i s i n g  c h a r a c t e r i s t i c  power supply and e l imina te  
t h e  power cable  t h a t  i t  was designed t o  operate with, t he  manual torch. 
I f  you g e t  r i d  of t h i s  r e s i s t a n c e  here and s u b s t i t u t e  a mechanized head, 
you w i l l  f i n d  t h a t  a s  t h e  demand f o r  vo l tage ,  or a s  your system sees  more 
vol tage ,  the  power supply w i l l  d e l i v e r  more and i t  w i l l  chase i t s e l f  r i g h t  
on up the  l i ne .  I n  o ther  words, i n  t h i s  a r ea  I th ink  you may have d i f f i -  
c u l t y ,  but I th ink  i n  the  f i r s t  area, 'you' are d e f i n i t e l y  on the r i g h t  
t r a c k ,  
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M r .  Goldstein: I th ink  the  problem of the  s t a b i l i t y  of t he  a r c  
r e a l l y  depends upon t h e  r e l a t i v e  s lope  of both t h e  power source charac te r -  
ist ic and the  arc c h a r a c t e r i s t i c .  We a r e  a l s o  exploring what happens whe? 
these  two c h a r a c t e r i s t i c s  are nea r ly  p a r a l l e l  t o  each other.  
done t h a t  yet. But if they a r e  perpendicular t o  each o ther ,  or i f  they 
make an  angle, an acu te  angle with one another,  I don ' t  .see why t h e  arc 
should be unstable.  I j u s t  d idn ' t  follow your reasoping of why i t  was 
a n  uns tab le  condi t ion  when we have a r i s i n g  c h a r a c t e f i s t i c .  
We havenf t  
M r .  Hackman: This is t r u e  when the  power supply is drooping. The 
more angle  you have between t h e  two, t he  g r e a t e r  t he  s t a b i l i t y .  
approach each o ther ,  t he  s t a b i l i t y  decreases. And i n  e f f e c t ,  as they 
cross  over, they go i n t o  a region of complete i n s t a b i l i t y .  
I th ink  w i l l  reappear in  t h e  l a t t e r  case. 
As they 
This is what 
M r .  Jackson: Woody, t h i s  looks l i k e  you're going t o  have a l o t  of 
fun In  t h e  months ahead i n  order t o  provide us with a s e s s ion  f o r  t he  
next meeting t h a t  we have with gear and equipment and everything on it. 
Well, thank you a . l o t ,  Woody, and I ' m  going t o  t u r n  t h e  meeting back t o  J i m .  
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INTRODUCTION 
I n  these few minutes I intend t o  descr ibe a simple method of applying 
CCTV t o  the  general  problem of torch guidance. I be l ieve  t h a t  the need f o r  
torch gu idance - i s  accepted and I w i l l  say only a few words on t h a t  subjec t .  
Torch Guidance System 
The p r inc ipa l  j u s t i f i c a t i o n  f o r  using a torch guidance system i s  the 
cos t  savings which can be obtained i f  we can hold la rge  d e t a i l s  i n  a too l ing  
system t h a t  does not r e l y  on absolu te  pre-posi t ioning of the d e t a i l s .  S l i g h t  
movements of t h e - j o i n t ,  due perhaps t o  expansion o r  cont rac t ion  s t r e s s e s ,  can 
be allowed. S t r u c t u r a l l y  simpler too l ing  i s  possible  s ince  the operator  would 
not have t o  accompany the torch.  Therefore, there  is" a need i n  s p e c i f i c  cases  
f o r  the' operator  t o  view and command the a r c  pos i t i on  from a d is tance .  
Comparative methods of torch guidance were examined b r e i f l y .  Automatic 
seam tracking devices tha t  w i l l  handle a v a r i e t y  of s i t u a t i o n s  with high r e l i a -  
b i l i t y  a r e  not ye t  completely operat ional .  
would p ro jec t  an enlarged image on a f ros ted  screen was r e j ec t ed  as well  a s  a 
system of mirrors  and a binocular or  te lescope.  F iber  op t i c s  were considered. 
A l l  of the  above systems except CCTV were considered t o  have l imi t a t ions  as t o  
the d is tance  and d i r e c t i o n  from the a r c  t h a t  thex would be serv iceable .  
A system of mirrors  and lenses  which 
CCTV 
CCTV i s  regarded a s  the bes t  p o s s i b i l i t y .  I n  addi t ion ,  i t  has the novel 
f ea tu re  t h a t  i t  i s  poss ib le  t o  record the p i c tu re  on tape.  The p o s s i b i l i t y  of 
comparing the  radiographic record of the weld with the a r c  a c t i o n  i s  a t t r a c t i v e .  
We a r e  aware t h a t  other  companies have a l s o  made use of CCTV. Lockheed, 
Westinghouse, and Bendix have used o r  use systems i d e n t i c a l  i n  many respec ts  t o  
t h a t  developed a t  Boeing. We be l ieve ,  however, t h a t  w e  have some usefu l  r e f ine -  
ments. 
The bas ic  problem with the use of CCTV i s  excessive con t r a s t  of the a r c  
with the surroundings. The r a t i o  of l i g h t  i n t e n s i t i e s  between the  a r c  and 
surrounding area  i s  of the order  of 10,000 to  one. Di rec t  exposure of the  TV' 
camera vidicon tube t o  such l a rge  l i g h t  i n t e n s i t y  would i r r epa rab ly  damage the 
tube,  and obviously a f i l t e r i n g  system is necessary.  Blanket f i l t e r s ,  however, 
reduce the ove ra l l  l i g h t  l e v e l  t o  such a degree t h a t  the background areas  away 
from the a r c  proper cannot be adequately viewed. 
f i l t e r  i s  an example of t h i s  approach. 
The use of a No. 4 welder 's  
The so lu t ibn  appears t o  be one of i n t e rcep t ing  and f i l t e r i n g  only the 
rays of l i g h t  from the a r c  and allowing the r e f l e c t e d  l i g h t  from the surrounding 
area  t o  reach the camera tube d i r e c t l y .  
t o  do t h i s  i s  with gradient  dens i ty  ' f i l t e r s  i n  combination with spec t r a l  f i l t e r s .  
The o r i g i n a l  method se lec ted  by Boeing 
3 40 
Gradient dens i ty  o r  spot  f i l t e r s  a r e  those where t h e  transmission f a c t o r  
v a r i e s  from point  t o  poin t  over the surface a rea  of t h e  f i l t e r .  The spot  f i l t e r  
we employed w a s  made from a photographic negative obtained on a s p e c i a l  set-up. 
This i s  shown i n  Figure 1, A piece of white paper represents  t h e  arc. The 
area i n  f r o n t  of t he  white a r c  spot w a s  shaded from white t o  dead black t o  sub- 
due some of , the  b r igh t  r e f l e c t i o n s  near  t he  puddle. The f i l m  was loaded i n t o  a 
s l i d e  holder  and mounted a t  the  image plane of t he  lens system. The lamps were 
adjusted t o  provide s p e c i f i c  and general  i l luminat ion.  
procedure was developed t h a t  produced an acceptable f i l t e r .  Essen t i a l ly ,  t h i s  
was a s  follows: 
By t r i a l  and e r r o r ,  a 
1. 
2. 
The f i l m w e  used w a s  Gevart D-2 s i n g l e  emulsion which i s  a slow speed, 
f i n e  g r a i n  fi lm. 
This w a s  exposed f o r  20 seconds a t  F16 using geoeral  l i g h t  only and 
exposed again f o r  1/20th second a t  F16 with the arc i l luminat ing spot  
l i g h t  on. 
system. 
3 .  The f i l m  was developed and re - inser ted  i n  the f i l m  s l o t  of the lens  
The spot  f i l t e r  w a s  placed wi th in  the  lens system again a t  the  image 
I n ' a c t u a l  use a secondary system of Polaroid f i l t e r s ,  color  f i l t e r s  plane. 
and an automatic diaphragm t o  prevent damage t o  t h e  vidicon tube was included. 
I n  l a t e r  systems t h e  spot  was placed within the  lens  system so t h a t  t he  aper- 
t u r e  s top  of t he  normal lens  could be used t o  c o n t r o l  the spot diameter. Ro- 
t a t i n g  the  diaphragm s top  r i n g  varies t h e  spot  diameter. A schematic of t h i s  
system i s  shown i n  Figure 2. 
Using t h i s  arrangement during GTA welding, i t  was found t h a t  t he  tungsten 
e l ec t rode ,  t he  weld j o i n t ,  t h e  w i r e  melting i n t o  t h e  puddle, and even soot  blown 
by the sh ie ld ing  gas could be seen. 
seen. I n  these photos, although the wire,  arc, and surrounding a r e a  can be 
pointed out,  considerably more d e t a i l  can be seen by viewing the monitor by eye. 
Figures 3 ,  4, and 5 ind ica t e  what could be 
The torch p o s i t i o n  r e l a t i v e  t o  the  j o i n t  w a s  adjusted by t h e  cross  seam 
pos i t ioner  which contains  a r e v e r s i b l e  motor. 
double throw toggle switch. 
The motor w a s  cont ro l led  by a 
Our s t u d i e s  have found t h a t  CCTV can be successfu l ly  applied.  A compact 
camera weighing less than  5 pounds with automatic 4000:l l i g h t  r a t i o  compensation 
has been se l ec t ed  f o r  f u r t h e r  work with the lens system. We be l ieve  t h a t  a r e l a -  
t i v e l y  sophis t ica ted  system is possible  and we a r e  progressing i n  t h i s  d i r ec t ion .  
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Figure 1, Special Set-up for Obtaining a Spot Filter From a Photographic Negative 
A 
B 
C , Film Holder Located at Image Plane of Qbjective 
D Automatic Diaphragm Safety Device 
E 
F 
G Cross Seam Positioner 
White Spot Substituting f o r  Arc During Exposure of Film 
Shutter Attached to Front of Camera Lens_ 
Lamp to Illuminate A During Film Exposure 
Lamp to Illuminate Subject During Set Up 
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V 
V 
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Figure 3. Typical Vision With The Arc Off, Not Welding 
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Figure 4 ,  Weld In-Progress,  F i l t e r s  Adjusted t o  Dense t o  Demonstrate Ab i l i t y  t o  Kask 
Out The A r c  Completely i f  Desi'red, 
Readily Changed by an Iris Diaphragm, 
Diameter of Masked o r  F i l t e r e d  Spot i s  
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Figure 5, Weld In-Progress, TV Screen Not Adjusted for Greatest Contrast 
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DISCUSSION 
Mr. Kelker: That was a very interesting paper, but I am sure you also have 
a lot of questions regarding this type of subject. 
the questioning? All right, I'll open the questioning, since I can get a little 
bit closer than you can. 
strays and by transients. 
Does someone want to open 
Ifd like to ask how the television is affected by 
M r .  Taylor: We have observed no problem in this. It's clear as a bell, 
as clear as you can make this kind of an operation. 
really the welding on aluminum surface. 
You must play with contrasts and get some of it out. 
forward, I don't think there is anything particularly unusual about it. I 
am sure any of you could apply it to your operations if you have the need. 
The biggest problem is 
There is a tendency for 2eflection. 
It's relatively straight 
Question: I am very interested' in the puddle activity. Do you think that 
you could use this camera technique to study the puddle activity? 
Mr. Tcylor: I watched many of these being made, and you could see what is 
called the hnackrellf motion of the puddle, you know, surface jittering, etc. 
If that is what you're looking for, I donlt see why not. You can focus right 
in on the puddle pretty accurately. The magnifier---local area magnification 
type thing---as long as you have enough lines of resolution, moves right up 
and you can see quite a bit. 
M r .  Seaman: You mentioned the $3,500 cost, and you noted that this was 
the system cost. 
costs for special lens systems beyond this, or other engineering costs? 
Could you describe what was included or whether you had other 
Mr. Taylor: Here's the way it was presented. 
about $250 a week. This is the way that we at Boeing would probably do it., 
the reason being that we donlt have people who cauld maintain and service CCTV 
system. 
They said that the individual Sylvania 800 camera was worth about $800. 
they just said the complete system, I presume that this is the camera, the 
camera control monitor, and the TV screen. I think when you buy that, you've 
got the package, and you've got the problems. 
We can rent this system for 
So, for our type of stuff, we would probably go out and rent it. 
And 
Mr. Seaman: You mentioned services. Has this been a major expenditure? 
Mr. Taylor: No, not particularly. In fact, I don't know of any service 
they have had. In some cases, they wanted to change this or that, and again, 
we don't have people that are experts in TV. 
Mr. Gaw: I wonder if this system includes provision for moving the focal 
point of the camera from place to place while the weld is in progress? 
Mr. Taylor: The system I had does not. We have a more sophisticated 
system design being built that does. 
anything you want at that point. 
Yes, you can zero in on just about 
Mr. Gaw: Does that system also include a camera positioning device? 
Mr. Taylor: Yes. 
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M r ,  Gaw: Is t h e r e  some s o r t  of estimate you could t a c k  onto the c o s t  
f o r  t h a t  sys t e m ?  
M r ,  Taylor: No. 
M r .  Kelker: Are the re  an$ more quest ionso gentlemen? 
Question: L e t  me add another question t o  t h e  question I had about puddle 
act ion.  
t o  use t h e  t e r m  t h e  'plasma' because I f m  not su re  t h a t f s  what we're looking 
a t ,  but what t h e  welder c a l l s  t h e  plasma. 
I would l i k e  t o  ask s p e c i f i c a l l y  about t h e  arc image i t s e l f .  I h a t e  
Can you see t h i s  p r e t t y  wel l?  
M r .  Taylor: I d o n f t  know q u i t e  how t o  descr ibe it. You can ad jus t  t h e  
spot  f i l t e r  so t h a t  you g e t  a b i g  black spot,  and you can c u t  out t h e  arc 
e n t i r e l y  and i n t e n s i f y  t h a t  background e f f ec t ive ly .  Otherwise, you can cu t  down 
t h e  background and br ing  up the  a r c  area, I ' l l  ca l l  i t ,  u n t i l  it dominates the  
p i c tu re .  Now, as f a r  as seeing t h e  arc, and being a b l e  t o  l ea rn  anything 
about it, I would be a l i t t l e  doubtful  about it. 
Question: Can you see t h e  welding ac t ion?  
Mr. Taylor: Y e s .  You see t h e  wire  coming i n  and t h e  j o i n t  kind of sweeping 
below you, and you see t h e  marks on t h e  surface of t h e  p l a t e .  Well, t he  p l a t e  
d id  not move i n  our tests, the  torch did---and so a l l  of t h i s  is  q u i t e  w e l l  
under control .  You can g e t  an impression, we have never t r i e d  t o  sca l e ,  but  I 
th ink  you could, of t h e  proximity of t h e  cup t o  the  work. Anything l i k e  t h i s  
you can observe, and as I say, you can see t h e  soot  kind of blowing around the 
edges; so, i n  t h a t  sense,  i t ' s  p r e t t y  valuable. 
M r .  Kelker: Well, we a r e  running out of t i m e .  Thank you, M r .  Taylor. 
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INTRODUCTION 
S c i e p t i f i c  advances i n  the aerospace f i e lds ' have  imposed many new 
apd demanding requirements of exact ing operat ions f o r  t r a n s l a t i o n  of engi- 
neer ing cr i ter ia  i n t o  space f l l g h t  components. 
Because of these requirements General Dynamics/Astronautics i n i t i a t e d  
maintainipg good 
a study t o  keep pace with the requirements of the  advancing technology i n  the 
welding area .  
weld schedule parameters i n  add i t ion  t o  preventing unnecessary contamination. 
Cons is ten t ly  high q u a l i t y  welds i n  th ick  aluminum present  so grea t  a challenge 
t h a t  i t  i s  mandatory t o  ensure t h a t  there  i s  no aggravation caused by var iab les  
i n  the welding equipment i t s e l f .  
Fusion weld q u a l i t y  i s  a matter  of r e l i a b l y  
We, Clike most o ther  people, found t h a t  we could produce Class I welding 
t o  A B M  standards i n  laboratory cont ro l led  specimens two f e e t  long. 
when i t  came t o  pFoduction.length welds we broke our "pick". A t  t h i s  point  
i t  became necessary t o  analyze the  problems and c l ean  up those t h a t  we had 
con t ro l  over.  We believed the a reas  t o  concentrate  on were: 
However, 
1. Welding equipment 
2 .  Welding procedures 
3. ,Contamina,tion con t ro l  
a .  Clean room environment 
b. Gaees 
c .  F i l l e r  mater ia l s  
d. P l a t e  preparat ion 
This paper d e t a i l s  the  precautions observed i n  a r ecen t ly  concluded 
p ro jec t  t o  produce high q u a l i t y  weldments i n  th i ck  aluminum a l l o y s .  
included are comments about the precautions t o  an  even, more e f f e c t i v e  degree. 
The p ro jec t  r e fe r r ed  t o  w a s  accomplished on two a l l o y s ,  2014 and 2219 i n  
thickGesses ranging from 114 t o  1-112 inches;  i n  th ree  welding pos i t i ons ,  
f l a t ,  v e r t i c a l ,  and ho r i zon ta l ;  and by two processes,  TIG and M I G .  
Also 
A s  s t a t e d  i n  t h i s  study "water c lear"  welds were cons i s t en t ly  obtained 
i n  test  specimens. I f  I may a t  t h i s  t i m e ,  I would l i k e  t o  say t h a t  the term 
"water c l ea r "  i s  a misnomer but  i s  widely used. 
Class I A B M .  
I n  t h i s  case ,  i t  means 
EQUIPMENT AND PARAMETERS 
Welding Equipment 
Welding equipment used was of the most advanced type. It was s p e c i f i -  
calky purchased f o r  t h i s  p ro jec t  because the common types of equipment were 
genera l ly  incapable of  the degree of cont ro l  necessary. 
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Such equipment i s  designed t o  prevent osmotic contamination of the 
' sh i e ld ing  gases. Accordingly high pu r i ty  r egu la to r s  are requi red .  These 
are b u i l t  with t e f l o n  s e a l s  i n s t ead  of rubber. S t a i n l e s s  s t e e l  is used 
f o r  a l l  metal p a r t s  f o r  prevention of a i r  i n f i l t r a t i o n  a t  p o t e n t i a l  cor ros ion  
loca t ions .  
With the  purchase of the  r egu la to r s  a c e r t i f i c a t i o n  w a s  received from the  
vendor showing the leak  rate. The r egu la to r s  w e r e  t e s t e d  by the  helium 
envelope technique with a mass spectrometer. C e r t i f i c a t i o n s  showed a l eak  
r a t e  of only 9.2 x 10-10 atmospheric cc pe r  second of helium. 
mates one cubic f o o t  i n  a hundred years.  Osmotic contarni.nation i s  a150 
con t ro l l ed  by use of metal hose, b e t t e r  known as "wrinkle be l ly"  s t a i n l e s s  
per fe rab ly ,  bu t  copper o r  b ra s s  w i l l  do the  job. Where i t  i s  impossible t o  
use  m e t a l  hose, the  choice should be saran  p las t ic . .Al though buty le  rubber i s  
s l i g h t l y  b e t t e r  than saran it i s  very suscep t ib l e  t o  ozone d e t e r i o r a t i o n .  A l l  
i n t e r n a l  piping i n  the  welding machine should be metal with s o l i d  j o i n t s .  To 
i l l u s t r a t g  a problem, we received de l ive ry  on a welding power source t h a t  had 
a l l  the  obvious precautions f o r  e l imina t ion  of contamination of the  gases b u i l t  
i n .  Upon using the  equipment and checking out  the  dew poin t ,  i t  was impossjble 
to ob ta in  b e t t e r  than a -30° dew point a t  t he  torch. 
found t h a t  t he  manufacturer had made h i s  i n t e r n a l  piping of tygon p l a s t i c  tubing. 
Upon replacement with metal hose, we regained a s a t i s f a c t o r y  dew poin t  (-65O). 
F i t t i n g s  a r e  a t tached  by welding in s t ead  of by threaded j o i n t s .  
This approxi- 
On inves t iga t ion  i t  w a s  
Gas solenoid shut-off valves should no t  be more than two o r  t h r e e  f e e t  
from the  torch. I n  keeping t h i s  d i s t ance  s h o r t ,  l i n e  Contamination and purge 
t i m e  a r e  kept t o  a minimum. For b e t t e r  gas coverage sh ie ld ing  of t he  weld 
puddle i t  i s  recommended t h a t  the  l a rge  500 amp gas l e n s  torch be used. For 
those who wish t o  use higher amperage i t  i s  poss ib le  t o  go t o  700 amps by simply 
water cooling a metal nozzle and increas ing  the  water supply t o  approximately 
twice t h a t  recommended. I n  the  torch  the re  a r e  seve ra l  t h ings ' t ha t  should be 
considered,some of which a r e  usua l ly  over-looked. 
1. 
2. Is i t  of gaod q u a l i t y  (cracked)? 
3 .  Is t h e  conf igura t ion  always the  same? 
F in i sh  of tungsten (should always be same micro f i n i s h ) .  
These i t e m s  should be controlzed as they do have a s i g n i f i c a n t  in f luence  on 
the  a r c .  
Welding Parameters 
Weld q u a l i t y  i s  a matter of r e l i a b l y  maintaining good weld schedule 
parameters i n  add i t ion  t o  preventing unnecessary contamination t h a t  i s  wi th in  
con t ro l  of the  process. 
con t ro l s  to c o r r e c t  f o r  t r a n s i e n t  conditions.  
Maintaining these  parameters depends upon s e n s i t i v e  
Advanced equipment involved con t ro l s  t h a t  go a long way i n  rap id ly  
co r rec t ing  f o r  primary and secondary v a r i a t i o n s ,  but i s  t o t a l  co r rec t ion ,  
f a s t  enough f o r  any given weld? Since primary v a r i a t i o n s  a r e  taken c a r e  
of by co r rec t ing  the  secondary i t  would seem conceivable t h a t  primary 
co r rec t ion  should be accomplished ou t s ide  of the  welding transformer thus 
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e l imina t ing  one more va r i ab le .  There a r e  var ious methods f o r  check-out of the 
parameters. We a t  General Dynamics/Astronautics prefer  a Brush t$pe recorder .  
For the se rv ices ,  w i r e  d r ive  o s c i l l a t i o n ,  ca r r i age ,  and any motor func t ion  check- 
out  i s  e f f e c t i v e l y  achieved by tachometer generator .  
The demand and c o s t  of maximum q u a l i t y  and high r e l i a b i l i t y  requi res  in -  
process monitoring of the process.  For t h i s  purpose, high speed, very s e n s i t i v e  
recorders  need t o  be used f o r  read-out of the major weld parameters, amperage 
vol tage,  ca r r i age  speed, wire feed,  and o s c i l l d t i o n .  This should include a 
tachometer generator pick-up f o r  the wire i t s e l f  t o  check €or  any wire d r ive  
r o l l  s l ippage .  The Offner six-channel recorder  i s  one such s u i t a b l e  instrument.  
It i s  capable of recording 500 cycles  per second. With recording equipment with 
high response i t  i s  poss ib le  t o  pick up t rouble  i n  i t s  e a r l y  s t ages  before  i t  
can.become a source of problems. Whereas slower types do not i nd ica t e  u n t i l  the  
problem has become acute .  
MATERIAL CONTAMIMATION 
Gases 
It i s  a l s o  recommended t h a t  a l l  gases used be c e r t i f i e d  by your own 
l abora to r i e s ,  not  only f o r  oxygen but  a l s o  f o r  o ther  impur i t ies  which have a 
g rea t  in f luence  on the a r c  s t a b i l i t y .  For the most pa r t  w e  use an  Alnor 
instrument f o r  checking dew poin t ,  bu t  f o r  the more s e n s i t i v e  work a cup dew 
poin ter  i s  used. It i s  a l s o  used t o  pe r iod ica l ly  check the Alnor. 
F i l l e r  Wires 
F i l l e r  wire of high q u a l i t y  i s  a l s o  a must. Our work has u t i l i z e d  
both the  m i s s i l e  pack and the HQ canned w i r e .  
t o  be des i red .  
cor ing and a contaminated oxide sur face .  The coring i s  a f ac to r  t ha t  the  
user  can do l i t t l e  about except t o  pay a premium f o r  sonic inspec t ion  and hope 
t h a t  it has el iminated the p o s s i b i l i t y  of rece iv ing  bad mqter ia l .  
the sur face  can be minimized by: 
Both have l e f t  higher  q u a l i t y  
The not iceable  meta l lurg ica l  de fec t s  t h a t  were observed were 
Oxide on 
1. Not breaking the s e a l  u n t i l  time of a c t u a l  use. 
2 a Atmospheric con t ro l  cab ine ts  f o r  s torage  e 
3. Continuous purging of the f i l l e r  wire r e e l  case ,  approximately two 
4.  Precleaning of w i r e  a t  the  time of use,  j u s t  before  en ter ing  the 
c u / f t  pe r  hour. 
weld puddle, 
A s  f o r  precleaning a t  the  time of the welding, w e  a t  General Dynamics/ 
Astronaut ics  f e e l  t h a t  a s o l a t i o n  has been found. No matter  what the sur face  
oxide may be, i t  w i l l  always be removed and the  w i r e  w i l l  en t e r  the weld 
puddle a t  the same l e v e l  of c lean l ines s .  Details of t h i s  w i l l  be discussed 
l a t e r .  
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BASE MATERIAL 
Conditions of mater ia l  t o  be welded are .and  have always been a major 
f a c t o r  i n  the f i n a l  q u a l i t y  o f  the weld. 
preparing the j o i n t  a rea  has been a mechanical removal of metal .  This i s  
accomplished by e i t h e r  machining o r  hand scraping the j o i n t  j u s t  p r io r  t o  
welding. Hand scrap'ing can normally be accomplished immediately p r io r  t o  
welding. A recent ly  conducted program a t  General Dynamics /Astronautics has 
shown t h a t  there  i s  a d i s t i n c t  change i n  the q u a l i t y  of fus ion  welds r e l a t i v e  
to  the chemical c leaners  used. 
commercially ava i l ab le  aluminum deoxidizers .  Welds made without scraping 
averaged 7 , O  percent defec t ive  f o r  one of the chemical so lu t ions  and 11.5 
percent f o r  the o ther .  
l e s s  than 1 percent defec t ive  welds f o r  each so lu t ion .  
To da te ,  the bes t  procedure of 
Two c leaners  used i n  a comparison were 
Welds t h a t  were made on hand scraped p l a t e s  showed 
RECOMMENDATIONS 
Although the  b e s t  of todays equipment is an improvement over pre-space 
era equipment, there  i s  s t i l l  a l o t  t o  be des i red  a s  i t  s t i l l  does not 
incorporate  a l l  the  con t ro l  t h a t  i s  needed. For example, i t  i s  f e l t  t h a t  
vol tage s igna l s  from the M I G  contac t  tube a r e  inadequate;  t h a t  a'more 
pos i t i ve  system i s  needed. To t h i s  end w e  modified a s tandard torch so t h a t  
brush pick-up i s  obtained from the wire a t  a point  j u s t  above the contac t  tube. 
Another a rea  i s  the contac t  tube a s  a cu r ren t  car ry ing  device. 
method i s  needed. Much work has been done t o  develop a b e t t e r  means, such as 
l i q u i d  metal .  But t o  da te ,  t h i s  has proved t o  have more handicaps than 
advantages. 
oxide f r e e  f i l l e r  w i r e .  
one p o t e n t i a l ,  a s  previously tnentioned, appeals t o  us.  This po ten t i a l  i s  
cathodic  cleaning. 
wire j u s t  ahead of the torch o r  cold wire input .  This chamber r o t a t e s  around 
the wire  which i s  being feed through the chamber. 
2,000 t o  10,000 RPM depending on the  wire being cleaned. 
and amperage a r e  es tab l i shed  between the wire and an e lec t rode  i n  one wal l  of 
the  chamber t o  e f f e c t  deoxidation i n  an i n e r t  atmosphere. 
a compact system including a power supply, and i t  i s  i n  the f i n a l  s tage  of 
completion. The p i c tu re s  I have h e r e a r e o f  a "bread-board" bench model t h a t  i s  
cu r ren t ly  i n  use f o r  c leaning s t i c k  lengths  f o r  manual welding.(See Figures 1 and 2)  
Some b e t t e r  
S t i l l  another a rea  t h a t  i s  i n  r e a l  need of improvement concerns 
Of a l l  the  var ious inFprocess c leaning techniques ava i l ab le  
This i s '  accomplished i n  a small  chamber surrounding the 
Rotation is approximately 
A very low vol tage 
We have developed 
PLANNED 'PROJECTS 
Some programs f o r  improving our welding c a p a b i l i t i e s  a r e  cu r ren t ly  
i n  the planning s tage .  Two of these t h a t  we a r e  p a r t i c u l a r l y  in t e re s t ed  
i n  a r e :  
1. 
2. Use of in f ra - red  technique t o  de t ec t  pene t ra t ion  and porosi ty  
Development of an aluminum deoxidizer which precludes scraping 
plates p r i o r  t o  welding. 
a s  i t  occurs during welding.- 
The development of c leaning so lu t ions  may sound presumptuous. 'However, our 
chemists have r ecen t ly  developed new so lu t ions  f o r  c leaning of maraging s t e e l s  
and a r e  present ly  working with so lu t ions  f o r  maglithuim a l l o y s .  
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SUMMARY 
In summary we can say that to assure quality welds in thick aluminum 
the following items are essential: 
1. Welding equipment must have self contained contamination control. 
2. Weld schedule parameters must be closely and precisely controlled. 
3 .  Gases, filler wires, and base material must be subjected to severe 
quality control procedures. 
4 .  Future work must be initiated and carried through for improving 
equipment, weld schedules, material preparation, and surveillance. 
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DISCUSSION 
M r .  Kelker: Don't go away, Bob. You've made q u i t e  a few con t rove r s i a l  
statements,  and I am su re  the re  a r e  going t o  be a few questions.  Now, don ' t  
a l l  of you put your hands up a t  once; w e ' l l  ge t  t o  everyone of you. 
wants t o  s t a r t  i t?  The gentleman i n  the  back; your name, please.  
Who 
M r .  Martin: J u s t  exac t ly  what mechanism c leans  t h i s  wi re?  Is it an 
abras ive  ac t ion ,  an  a i r  b l a s t ,  o r  what accomplishes the w i r e  c leaning?  
M r .  Manary: I t ' s  a depla t ing  opera t ion ;  i t ' s  a c t u a l l y  removing metal. 
This work was a l l  done with reverse  p o l a r i t y .  
we used reverse  polar i ty- - -wel l ,  you know the reasons f o r  t h i s ,  bu t  the lower 
amperage i s  a must a t  t h i s  po in t .  You have t o  e s t a b l i s h  a l a rge  enough 
e l ec t rode  so t h a t  you're not s p i t t i n g  tungsten and adding t o  your problems. 
We use a l a rge  e l ec t rode  and keep the  amperage down p r e t t y  low. 
depla tes .  I th ink  t h a t  Marshall down here has one of our movies t h a t  was made 
of the M I G  process, which i s  a reverse  p o l a r i t y  process. It shows very wel l  
t h i s  deplat-ing happening---the oxides coming o f f .  I s t a r t e d  working on t h i s  
thing i n  about '54 with the B-52's. 
know what a s t i c k e r  i s .  Espec ia l ly  c o i l  wire where it cont inua l ly  r u s t s .  We 
had t o  f i n d  a way t o  g e t  r i d  of t h i s  r u s t .  So, I worked with wire brushes, a 
l i t t l e  b i t  of everything, and I s t a r t e d  developing t h i s  th ing  a t  home. But 
a f t e r  buying the  f i r s t  tank of Argon out  of my own pocket, I sa id  t o  heck with 
i t .  Let t he  company pay f o r  i t .  So now, t h a t ' s  where i t  i s .  But depending 
upon process,  which I found ou t ,  t h i s  equally c leans  t i tanium wires and s t e e l  
wi res .  You can use high frequency by i t s e l f ,  depending upon what you're doing 
and the s i z e  of your wire.  You can use high frequency with DC o r  high frequency 
with AC. The power supply t h a t  we b u i l t  i s  made t o  do t h i s .  Actually,  i t  was 
only educated guessing. We d i d n ' t  know what the  d e v i l  a l l  the problems were going 
t o  be, so we b u i l t  a power supply t h a t  we thought would take ca re  of most of them. 
I might emphasize the reason 
Actually,  i t  
Any of you fellows t h a t  work with the  502 rod 
M r .  P l a t t :  Two ques t ions :  one, what type of sur face  f i n i s h  do you ge t  on 
your wire when i t  comes out of your u n i t ?  Second, s ince  you sa id  t h i s  i s  a 
depla t ing  operation, what happens t o  the  small p a r t i c l e s  which a r e  removed? 
M r .  Manary: They a r e  exhausted out the  s i d e  a s  the gas escapes. The 
gas does ca r ry  t h i s  o f f .  I was a f r a i d  you were going t o  ask about the sur face  
because I know you've been foo l ing  with t h i s .  Surface f i n i s h ,  t o  be t r u t h f u l  
with you, I c a n ' t  answer t h i s  ques t ion  because I haven ' t  measured i t .  We have 
looked a t  i t  up t o  500 magnifications;  i t  i s  rougher. 
going through a swagging d i e  and shaving than shaving and going through a swagging 
d i e .  I t ' s  removed metal;  so i t ' s  rough. Now, i n  the M I G  process, t h i s  would 
give you a problem, but  I ' m  not s u r e  t h a t  you need t h i s  i n  the  M I G  process. I n  t h e  
MIG process,  you ge t  a good enough deoxidizing, I be l ieve- - - th i s  i s  only my own 
theory and I won't argue about i t  because I have no s t a t i s t i c a l  da ta  t o  prove 
t h i s ,  and I don ' t  th ink  anybody has on the o the r  s i d e  e i the r - - -bu t  I think t h a t  you 
a c t u a l l y  depla te  t h i s  wire good enough with the  reverse  p o l a r i t y  during the M I G  
I t ' s  a l o t  d i f f e r e n t  a f t e r  
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process, t h a t  you don ' t  have t o  worry about t he  oxidation. 
t h a t  you have t o  worry about i s  t h a t  which you haven't  taken c a r e  of--- 
a l ready  on the  
used with the,MIG process9 then I th ink  w e  have t o  take a very c lose- look  
a t  t h e  sur face  condition. But a t  t h i s  po in t ,  I haven't  been too  worried 
about it. 
The oxidation 
plate---from d i r t y  handling and gmeasy hands. I f  t h i s  were 
I hope t h a t  answered your question, 
M r ,  Seay: Have you run tests t o  determine exac t ly  what d i f f e rence  
t h i s  makes a s  f a r  a s  poros i ty ,  t e n s i l e  values, and so fo r th .  
Mr. Manary: Y e s ,  we've run tests. This i s  a very e lus ive  thing. 
This i s  l i k e  t r y i n g  t o  put poros i ty  i n  a p iece  of metal. 
want it, i t ' s  the re ;  bu t  i f  you want t o  put it i n  t o  a cons i s t en t  r e s u l t ,  
i t s  r e a l  hard t o  do. I n  o ther  words, I 've run wire, a s  I s a i d ,  on a 
l abora tory  b a s i s ,  cleaning everything else up , .ou t  of a normal package t h a t  
has been a year o ld - - - she l f - l i f e  a year old---and had no problemwith it. 
But y e t ,  tomorrow, I can h'ave a problem. I am only saying t h a t  t h i s  i s  
one th ing  w e  have done t o  c lean  up t h e  process. W e  know we a r e  going i n  
with t h e  same l e v e l  of c l ean l ines s  a l l  the t i m e .  I don ' t  say t h a t  t h i s  
i s  an answer t o  e l imina t ing  poros i ty .  
same l e v e l  of c l ean l ines s ,  I know where I stand. - I  don't  know i t ' s  high 
today and low tomorrow. 
your tungstens. 
Get con t ro l  of i t ,  even i f  your con t ro l  i s  bad, and you w i l l  know where you 
are. But i f  it i s  here  today and t h e r e  tomorrow, you w i l l  never n a i l  
down these  things.  I t ' s  j u s t  l i k e  hoses---I mean, I have preached gases 
f o r  so long, I am blue  i n  t h e  face  about it. B u t  here a couple of years  
ago, o r  about four years  ago, I had the  opportunity t o  work on nuclear 
reactors---Zirconium. We had a l i q u i d  system; w e  couldn ' t  
ge t  good gas. We ware working i n  a dry box. 
"Ah, t h a t ' s  e l e c t r o n  beam work," bu t  w e  were doing it cheaper and j u s t  a s  
good without e l e c t r o n  beam. But w e  had a gas problem. We a c t u a l l y  r e b u i l t  
a p u r i f i c a t i o n  system outse lves  t o  re -pur i fy  t h e  l i q u i d  system t h a t  was i n  
t h e  p l an t .  Now, the  l i q u i d  a t  t he  system i t s e l f ,  l e t  me  c l a r i f y ,  was good; 
bu t  by t h e  t i m e  i t  go t  down through the  piping i n  the  p l an t  and somebody 
opened up a valve f o r  a couple of minutes and it sucked i n  some a i r  and 
someone used it t o  blow o f f  t h e i r  bench o r  something, w e  got down t o  where 
the  l i q u i d  was roughly a minus 25. And t h i s  i s  j u s t  not good enough t o  
weld Zirconium. 
of c l ean l ines s ,  I would l i k e  t a  know a way t o  check it. We have t r i e d  
everything w e  can th ink  o f ,  and w e  don't  know. 
I f  you don't  
I ' m  saying t h a t  i f  I go i n  with t h e  
This i s  the  same with your gases o r  t h e  same with 
Whatever you do, cont ro l  i t ;  know your l e v e l  of cont ro l .  
We had a problem. 
I ,know some .of you people say, 
I ' m  t ry ing  t o  say t h a t  you should always know your l e v e l  
Mr. Stein:  You used t h e  t e r m  'coring'  i n  re ference  t o  welding w i r e ,  
and I don't  q u i t e  understand what you mean by coring. 
Mr. Manary: Well, I don't  r e a l l y  know whether i t  i s  cor ing  or no t ,  
bu t  i t ' s  inc lus ions  i n  the  metal. 
terminology t h a t  w e  boys use. We have found inc lus ions ,  possibly from t h e  
swedging opera ti on a f t e r  shaving, because they l i e  p r e t t y  c lose  t o  the  su r -  
f ace  of t h e  'material. We have found inc lus ions  i n  the re  a s  l a rge  a s  f o r t y  
thousandths of an inch i n  length and about f i v e  thousmdths i n  diameter. 
W e  c a l l  this-coring. 
I guess t h i s  i s  possibly j u s t  some 
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Mr. Kelker: Gentlemen, w e  have t i m e  f o r  j u s t  one more question, 
M r .  Vilkas: Your comments with respect t o  welding were i n t e r e s t i n g .  
Would you . repea t  aga in  the  requirements f o r  t he  power supply? 
M r .  Manary: Do you mean t h e  to le rances  t h a t  they a r e  p re sen t ly  
b u i l t  t o  by t h e  
pensate f o r  a p lus  o r  minus 10 percent wi th in  1 percent,  and they a r e  doing 
t h i s  by compensating on the  secondary. Take Linde; f o r  i n s t ance .  They have 
a servo-drive mechanism t h a t  i s  doing t h i s ,  and I. know very w e l l  tha; t h i s  
th ing  w i l l  no t  work wi th in  t en  cyc les .  
w i l l  no t  do i t  e i t h e r ,  because I have checked theh  out wi th  my recorders.  
As f a s t  a s  they a r e ,  I know t h a t  they a r e  t e l l i n g  me a t r u e  s to ry .  
j o r  manufacturers? Well, u sua l ly  they a r e  made t o  com- 
I am su re  t h a t  t h e  magnetic ampl i f ie r  
M r .  Vilkas: A r e  you b a s i c a l l y  t a lk ing  about TIG.? 
M r .  Manary: TIG o r  MIG,  I don't  care .  I am saying, "Let's g e t  a 
b e t t e r  power supply." 
M r .  Vilkas: I f  you a r e  t a l k i n g  MIG, you know t h a t  most people a r e  
using CP. Their reac%ion t i m e  has perhaps a d i f f e r e n t  meaning. 
M r .  Manary: Y e s ,  bu t  s t i l l  your transformer does only what y o u p a t  
i n t o  it. I know th is  i s  a r e a l  h a i r y  area t o  ge t  i n t o ,  and I j u s t  throw 
it  out  f o r  thought because I am not  p o s i t i v e  of a l l  my convictions.  But 
I do be l i eve  t h a t  f o r  t he  money t h a t a i s  being invested i n  a piece of welding 
equipment a s  you do a P r a t t  and Whitney j i g  bore,  w e  ought t o  ge t  something 
f o r  it, ins t ead  of always saying t h a t  somebody must pay f o r  t h e  engineering, 
and t h i s  i s  what they t e l l  us. 
le t ' s  throw i t  on t h e  board. 
one th ing ,  i f  nothing else. 
the  indus t ry ,  and they made somebody e l s e  bu i ld  some equipment! 
I have stayed away from t r ade  names, bu t  
Believe me ,  I give Sciaky a l o t  of c r e d i t  f o r  
A t  l e a s t  they shook the  h e l l  out of the r e s t  of 
H r .  Kelker: Thank you very much. 
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INTRODUCTION 
Welder controls, as a direct result of increasingly stringent require- 
ments imposed by aero-space welding, have of necessity been developed to a high 
degree of precision. 
plexity and multiplicity of components,,to the extent that reliability-has be- 
come a formidable problem. This problem, with suggested partial solutions 
thereto, are the objects of this discussion. 
The increased precision has resulted in increased com- 
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Welding technology has advanced rap id ly  i n  r ecen t  years.  It has possibly 
Control developed more r ap id ly  than most of t h e  manufacturing technologies, 
Engineering has played a v i t a l  p a r t  i n  t h i s  development. 
t h a t  welding as a Science r a t h e r  than a n  a r t  has placed more d i f f i c u l t  t asks  be- 
f o r e  the  con t ro l  engineer than i t  has p r a c t i t i o n e r s o f  the o ther  engineering 
s k i l l s .  This i s  due i n  p a r t  t o  the  f a c t  t h a t  t he re  e x i s t  broader gaps between 
the  languages assoc ia ted  with the  welding science than e x i s t  between those o f ,  
f o r  ins tance ,  the  too l  engineer and the  e l e c t r i c a l  engineer. The magnitude of 
the  coh t ro l  engineer ' s  problem has been r e l a t e d  d i r e c t l y  t o  the degree of pre-  
c i s i o n  required by the  aero-space welding processes and t o  the ex ten t  t h a t  i t  
has become necessary t o  r e l y  less upon the physjlcial s k i l l s  of the craftsman. 
E lec t ron ic s  and r e l a t e d  s k i l l s  have been severe ly  taxed t o  f i l l  t h e  gap, 
I n  f a c t ,  i t  appears 
Another f a c t o r  has been the  increas ing  s i z e  of the  vehic le .  The trend, 
due t o  higher t oo l ing  c o s t s ,  has been t o  r e l y  lqore and more upon prec is ion  con- 
t r o l s  i n  a n  attempt t o  o f f s e t  those c o s t s  i n  t i m e  and money. 
L e t  us l2ok a t  a complete welding system of a few years ago. (See 
F+gure 1.) I n  t h i s  system the re  i s  l i t t l e  more than  a motor and a generator.  
The generator i s  s p e c i a l  only i n  t h a t  i t  has an  a u x i l i a r y  series f i e l d  which, 
on increased cu r ren t ,  opposes the  e f f e c t  of t he  shunt f i e l d ,  r e s u l t i n g  i n  a 
drooping volt-ampere cha racge r i s t i c  e 
It w a s  simple, had few p a r t s ,  and was phys ica l ly  almost i n d e s t r u c t i b l e .  
Except f o r  t he  opera tor ,  who i n c i d e n t a l l y  i s  st i l l  wi th  us ,  t h i s  w a s  t he  com- 
plete system. 
including f i l l e r  rate,  t ravel-  speed, proximity, arc length ,  and seam tracking. 
Since i t  has become necessary t o  rep lace  the s t i c k  e l ec t rode  by MIG, TIG,  and 
o the r  processes , these funcfions normally can not be performed by the  opera tor .  
The operator had con t ro l  of a l l  functions o ther  than cu r ren t ,  
Now, i n  a t y p i c a l  aero-space fus ion  welding i n s t a l l a t i o n ,  most of t he  
following functions'may be sub jec t  t o  prec is ion ,  autoniatic con t ro l :  
1. Arc vol tage  
2 e Weld cu r ren t  
3 e Horizontal t r a v e l  
4. Vertical t r a v e l  
5 .  Torch a t t i t u d e  
6, Torch proximity 
7. Seam t racking  
8 .  and o the r s  
These may be compounded by programming of some of t he  v a r i a b l e s ,  and, a t  
bes t ,  due t o  necess i ty  of i n t e r  ocking the sevara 
con t ro l s  are f requent ly  very complex. 
functions bas i c  sequence 
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By way of comparison with the  complete system of a few years ago, look 
a t  Figure 2. This i s  an elementary diagram of only t h a t  equipment required t o  
perform one function--namely,.weld seam tracking.  And t h i s  i s  not near ly  com- 
p l e t e ,  s ince  each of the various blocks,  t r i a n g l e s ,  e t c . ,  may represent  a u n i t  
with more than a hundred bas i c  components. 
F i l l e r  r a t e  and t r a v e l  speed were f i r s t  automated to  some degree by use 
of a simple f l y - b a l l  governor--one bas ic  component. This provided, a t  bes t ,  
f i v e  percent speed regula t ion  over a ten t o  one range. La ter ,  e l ec t ron ic  con- 
t r o l  became necessary,  and required from twenty t o  t h i r t y  bas ic  components. 
This provided speed regula t ion  i n  the order  of th ree  percent of ra ted  speed over 
a range of twenty t o  one, 
vide con t ro l  accuracy w e l l  wi thin less than one percent of = speed over a 
range of f i f t y  to  one, o r  b e t t e r .  But t h i s  i s  accomplished with one hundred 
percent improvement, a t  t en  times the cos t  and t en  t i m e s  a s  many components. 
Power supply u n i t s ,  a l s o ,  have experienced phenomenal improvement. 
Present ly ,  a typ ica l  w i r e  feed c o n t r o l l e r  may pro- 
. e igh ty  or  more bas ic  components. This may wel l  represent  b e t t e r  than a thousand 
But a power supply u n i t ,  t o  maintain cu r ren t  within one ampere i n  three  
hundred, with extremely rapid response, must be s e n s i t i v e  t o  very small e r r o r  
s igna l s .  This requi res  higher impedance input  c i r c u i t s  t o  servo ampl i f ie rs .  
Consequently i t  i s ,  a s  a r e  o ther  con t ro l s ,  more subjec t  t o  s m a l l  extraneous 
s igna l s .  Recently, due t o  proximity of cables  i n  two systems, a higher frequency 
s t a r t  of the second system caused the o ther  t o  lo se  the a rc .  This never happened 
i n  the o lder  un i t s  with,  t yp ica l ly ,  one hundred ohms input  impedance,rather than 
100,000, to '  the  con t ro l  c i r c u i t ,  
Certainly space welding can not be performed with 1950 vintage equipment 
and technology. But the many advances have not been accompanied by a r e l a t i v e  
increase  i n  r e l i a b i l i t y .  
r e s u l t  i n  much longer down time f o r  each event. 
Equipment d i f f i c u l t i e s  occur more f requent ly  and 
It had be'en hoped t h a t  the use of semi-conductors would r e s u l t  i n  marked 
improvement i n  welder cont ro ls  as  i t  has i n  o ther  a reas .  This has not happened. 
Actual ly ,  there  i s  no way of knowing whether con t ro l s ,  with the necessary Ln- 
' c reases  i n  prec is ion  and complexity, a r e  more o r  l e s s  dependable than they 
would have been had designers continued t o  use the t r ied-and-true vacuum tubes,  
thyra t rons ,  and magnetic ampl i f ie rs .  But i t  i s  a sure ty  t h a t  shop temperatures, 
shock, e l e c t r i c a l  acc idents ,  and the old c u l p r i t ,  high frequency s t a r t i n g ,  take 
a heavier  t o l l  of the newer semiconductor devices than they did the o ld  thyratron 
and the magnetic ampl i f ie r .  
more components than the equiyalent  vacuum tube c i r c u i t .  Consequently, i n  the 
Manufacturing Engineering Laboratory, when the choice e x i s t s  on new equipment, 
there  i s  how d i s t i n c t  preference f o r  equipment u t i l i z i n g  the more conventional 
components. 
Also, the typ ica l  semiconductor c i r c u i t  has appreciably 
It i s  o f t en  s a i d  t h a t  present  day equipment i s  genera l ly  more sophis t ica ted  
than the tasks  requi re .  I n  many cases  t h i s  may be so. Y e t  an engineer t ry ing  
t o  develop a method f o r  performing a given welding task ,  needs the assurance t h a t  
a l l  con t ro l l ab le  var iab les  a r e  steady. Otherwise he can not be sure  whether any 
f a i l u r e  t o  m e e t  ob jec t ives  i s  the f a u l t  of the equipment or  the method. With 
modern equipment, he usua l ly  has t h i s  assurance,  Really,  equipment -has reached 
such a high degree of per fec t ion  with respect  t o  r e s e t a b i l i t y ,  accuracy, repeata-  
364 
,... *#$..--.. . .... . . . .  
365 
biGlity, and response, t h a t  very l i t t l e  improvements can be made, Also, i t  i s  
doubtful i f  any increased improvements would r e s u l t  i n  any improvement i n  the  
process. But too o f t e n ,  malfunction of equipment does become a problem. And 
with equipment's0 soph i s t i ca t ed  t h a t  a one percent change i n  a s e n s i t i v i t y  s e t t i n g  
may make a v a s t  d i f f e rence  i n  performances, t he  f i n e  l i n e  between equipment mal- 
func t ions  and misuse i s  o f t e n  d i f f i c u l t  t o  def ine ,  even with t h e  b e s t  instrumen- 
t a t i o n  ava i l ab le .  
I n  t h i s  d i scuss ion ,  t he re  have been seve ra l  statements mad&, some of which 
may s e e m  t o  be se l f -cont rad ic tory .  Perhaps i t  would be w e l l  t o  summarize the  pros 
and cons of modern welding apparatus.  To the  c r e d i t  of modern equipment and i t s  
manufacturers, the following are obvious : 
1. Equipment i s  v a s t l y  super ior  t o  t h a t  of even th ree  years ago i n  
capac i ty ,  p rec is ion ,  response, repea tab i l i ty , ,  r e seeab i l i t y ,  and 
v e r s a t i l i t y .  
2. Costs, though appreciably higher,  a r e  reasonable when compared 
w i t h  t h e  .associated advances i n  technology. 
3. Such con t ro l s  have undoubtedly made poss ib le  the use  of the welding 
process f o r  space vehic les  using ma te r i a l s ,  conf igura t ions ,  and 
l a r g e r  s i z e s  present ly  incurred. 
On the  o the r  s i d e  of the  ledger ,  t he re  a r e  some de f i c i enc ie s ,  which i n -  
clude these  : 
1. Equipment i s  complex and d i f f i c u l t  t o  maintain. ,  Designers have not 
always used tried-and-true-components and c i r c u i t s  t o  a reasonable 
ex ten t  e 
2. The equipment i s  genera l ly  bulky, i n  s p i t e  of min ia tu r i za t ion  of various 
subsystems and mechanical components. 
3 . Equipment, genera l ly  a t  the  i n s i s t e n c e  of the  user ,  has been designed 
f o r  labora tory  type welding, where welding i n  seve ra l  modes may be 
des i r ab le .  Under shop conditions,  the  dependabili ty of the  sys tem 
has been decreased by the  ex is tence  of redundant c i r c u i t s  and f ea tu res  
that 'may no t  be required fo r  a p a r t i c u l a r  appl ica t ion .  
of themselves be troublesome; ye t  when trouble does develop, they 
serve  t o  confuse the  i s sue .  
Those may not  
4 .  Components a r e  too  o f t e n  marginally r a t ed .  I n  a r ecen t ly  purchased 
system, 300 v o l t  r e c t i f i e r s  were used almost exc lus ive ly .  A s  these  
f a i l e d  and have been gradually replaced by 600 v o l t  r e c t i f i e r s ,  i n -  
cidence of t rouble  has been g r e a t l y  reduced. 
5. Minia tur iza t ion  has been prac t iced  almost ind iscr imina te ly ,  A s  an  
example, where a miniature motor i s  used where not abso lu t e ly  necessary, 
dependabili ty is not a s  high a s  i f  a more r e l i a b l e ,  l a r g e r  motor had 
been used. 
6. Equipment has become more complicated t o  operate.  The s k i l l e d  operator 
i s  more of a necess i ty  than ever ,  
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T e  The shop e l e c t r i c i a n ,  with h i s  spare  generator brushes and fuses ,  has 
of necess i ty  been replaced by seve ra l  t echnic ians  and engineers,  with 
spare  p a r t s  inventor ies  t h a t  may c o s t  thousands of d o l l a r s  f o r  a 
r ep resen ta t ive  welding i n s t a l l a t i o n .  
8 ,  Too many long-lead-time i p e e i a l  i t e m s ,  a v a i l a b l e  from only one manu- 
f a c t u r e r ,  have been used. 
I n  essence, as i n  o the r  f i e l d s  of endeavor, r a p i a  progress i n  welding tech- 
nology has brought with i t  many of t h e  i l l s  assoc ia ted  with automation and modern- 
i za t ion .  
o r ,  more l i k e l y ,  s eve ra l  p a r t i a l  so lu t ions .  
It i s  a n  apparent dilemma, but  one t o  which the re  should be some so lu t ion=  
The f i r s t  t h a t  comes t o  mind i s  t h a t  w i th in  the  r e s p o n s i b i l i t y  of the  R&D 
personnel. 
with p a r t i c u l a r  a t t e n t i o n  t o  s e l e c t i n g  t h a t  process t h a t  i s  less sub jec t  t o  con- 
t r o l  problems under shop conditions.  
This c o n s i s t s  of choosing the b e t t e r  process f o r  a given opera t ion ,  
I 
Also, i n  the  R&D area, r eg res s ive  equipment a v a i l a b l e  should be prac t iced .  
Cer ta in ly ,  the most p rec i se  equipment a v a i l a b l e  should be used i n  the  i n i t i a l  
R&D e f f o r t .  But i n  many cases, a f t e r  a process and method have been e s t ab l i shed ,  
a less soph i s t i ca t ed  power supply u n i t ,  f o r  ins tance ,  may be found, with l i t t l e  
add i t iona l  e f f o r t ,  t o  be more than s a t i s f a c t o r y  and poss ib ly  a l s o  a simpler vo l tage  
c o n t r o l l e r .  This could r e s u l t  i n  t he  s imples t  p r a c t i c a l  system, w i t h  fewer re- 
dundant f e a t u r e s ,  being placed i n  the  hands of shop personnel, with less chance 
of f a d l u r e  e 
Development of new methods may decrease the  dependency upon soph i s t i ca t ed  
con t ro l s .  
elsewhere,,is series arc welding with independent con t ro l  upon each torch. 
Techniques involving low hea t  arcs and per iodic  puls ing ,  high frequency resist- 
ance welding, etc., are being given cons idera t ion  and are expected t o  be ob jec t s  
One such method, i n  the  e a r l y ' s t a g e s  of i nves t iga t ion  a t  MSFC and 
i n  the npar fu tu re .  
I n  these  endeairors, t he  con t ro l  engineer w i l l  undoubtedly play a major 
However, h i s  b e s t  oppor tuni t ies  f o r  imnediate improvements l i e  i n  con- r o l e .  
cen t r a t ed  e f f o r t  with known methods. I n  t h i s  r e spec t ,  s eve ra l  p o s s i b i l i t i e s  
come t o  mind. incremental servos ; 
new devices such as prgnted c i r c u i t  motors, AC s i l i c o n  con t ro l l ed  switches,  
i n f r a - r ed  techniques, and o the r s .  
These' include use of d i g i t a l  techniques 
Areas i n  which the  MSFC Manufacturing Engineering Laboratory i s  expending 
e f f o r t  include the  adapta t ion  of d i g i t a l  techniques, i n  conjunstion with more 
conventional analog techniques, t o  motor con t ro l s  and arc voltage con t ro l  se rvos ,  
Another area i n  which rewarding work has been done is  i n  the  realm of u t i l i z i n g  
tempeliature (or mass hea t )  sensing devices i i a  o rder  t o  develop a con t ro l  more 
responsive t o  d i r e c t  we d p rope r t i e s ,  
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But in the rush to use new techniques and components, time-proven methods 
'and components should not be forgotten, but rather reviewed in the light of present 
needs. 
modern task. 
In this way, often an old reliable tool can'be used to perform a 
I would like to cite some examples, 
Recently, in a MIG spot development program, due to a curious set of cirwm- 
stances, including transistor troubles, it became necessary to provide voltage 
taper on a conventional magnetic amplifier power unit, 
is shown in Figure 3. The taper control is nothing more than a conventional, 
simple, thyratron-type motor governor with an R-C circuit substituted for the 
'normal speed control potentiometer. 
thyratron builds up exponentially, the 'governor tends to accelerate the motor 
so that the back-EM? of the motor is nearly equal to the voltage across the 
capacitor in the grid circuit. This is a relatively smooth DC voltage. Current 
is tapped off through a resistor and fed to the magnetic amplifier control 
circuit in sdch a manner as to oppose the effect of the regular control winding, 
resulting in a smooth, exponential taper of the welding voltage. 
simple, dependable components, a function was accomplished that normally re- 
quires much more sophisticated equipment.. 
The scheme adopted 
As the voltage in the grid circuit of the 
Thus with 
Another problem that has apparently been reduced to simplicity is that 
of a low speed, low torque tachometer system to be used in instrumenting wire 
feed and in conjunction with friction drives where slippage may occur.- Repre- 
sentative speeds to be measured are in the order of as low as three inches 
per minute, which on a one-inch diameter friction wheel, represents less than 
one RPM of a tachometer generator, well below its useful range. 
Step-up Gearing Requires Too Much Torque. 
One system discarded rather early involved a very complex digital 
system 
$2000. 
with a conventional servo system. (See Figure 4 . )  In this system, the servo 
system acted to maintain the motor at such speed to keep the second synchro 
in step with the first, which is couplled to the friction wheel. 
so, the servo motor had to make fifty revolutions to one of the synchros, 
in turn driving the tachometer at a rate within its range of usefulness. 
persons familiar with this type of system will readily recognize, stability 
problems were enornous, resulthg in its being discarded as a system for 
shop use. 
which used a rotary pulse generator which alone-costs more than 
Another system would have employed Synchro transformers in conjunction 
In doing 
As 
The system recently developed and in process of being engineered into a 
shop version is shown in Figure 5 .  
single turn, continuous rotation potentiometers coupled to a single shaft and 
to a friction drive wheel. In this system, with the speed of rotation constant, 
the potentiometer-capacitor-microammeter circuit on the left consists of a basic 
R-C rate geneiator. If speed is constant, current through the meter is constant. 
Components and voltages are balanced so that, in the situation shown, the current 
through the resistor R is equal to that in the microammeter. This is true at 
It consist"s basically of two precision, 
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.any position of the potentiometers except near the ends and during the few de- 
grees of discontinuity. 
the same regardless of whether it was being fed by the R-C circuit to the left or 
the right. 
one potentiometer to the other at the proper time to avoid end effects and dis- 
continuity ip its present form, the system is amazingly accurate, sensitive, and 
linear in the range of one-quarter to ten RPM. 
quality capacitors, 0.5 percent precision potentiometers, and a quality regulated 
power supply, which in this case, is commercially available at about $250 cost, 
Thus at the instant shown, the microammeter would read 
The thyratron-relay sequence in designed simply to transfer from 
The basic ingredients are good 
These cases are not presented as standards of excellence, but as illustratiors 
of the use of simple measures to accomplish certain ends where previously more 
complicated methods had been tried. 
In this discussion, I have tried to objectively evaluate some of the problems 
that have resulted from the rapid advances in welding technology, especially in 
the areas of controls and instrumentation. 
solutions, not necessarily in the realm of the control engineer. But the point 
I wish to emphasize most is that the control engineer is, with the vast store 
of tools and technology at his disposal, in the best position to make signif- 
icant improGements in the field of welding technology. 
accomplish this is to concentrate on the development of simpler, more reliable 
control schemes and apparatus. That this must be done is an obvious necessity. 
I have suggested certain partial 
The obvious way to 
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DISCUSSION 
Mr, Kelker: Are there any questions that you people have that you would 
like to present to Bill? It was quite. conclusive in itself, There is a 
question way in the back, Bob Hackman? 
Mr. Hackman: It's not a,question; I think it is just a complete endorse- 
ment to what Mr. M'cCampbe11 said this morning. 
thinking, and it is certainly the only direction to go. 
I think this is good sound 
Mr. McCampbell: Thank you very much, Bob. 
Mr. Gaw: I also agree that the thought was excellent. I would 
like to inquire in what areas you found redundan'cy played a part in reducing 
the relia'bility of welding machines and equipment? 
Mr. McCampbe11: Well, first, we sometimes build special purpose items or 
We have a power supply, for instance, which multipurpose items of control. 
has MIG and T'IG capability. 
a $1,200 or a $1,500 item if we went to a single purpose unit, and we 
would not have these other things in there to give us trouble. In a given 
weld for a given application, we may have equipmeht there that has up-slope 
functions and down-slope functions; and all the things that, t o  begin with, 
give the operator more buttons to push, and they give the trouble shooter more 
wires to look through when trouble does develop. If we are going to make a 
simple MIG weld where we don't have any need for certain of these functions of 
up-slope, down-slope, I believe that we should give the man in the shop 
absolutely no more than he needs to do the job. 
down-slope, then let's not give it to him, because it can cause trouble. 
The MIG power supply essentially would be, say, 
If he doesn't need up-slope and 
Mr. Gaw: With respect to the discussion that you just gave me, is this 
consistent with the economics of buying the minimum amount of equipment to do 
the maximum number of jobs? 
Mr. McCampbell: I am not sure that I understand. 
M r ,  Gaw: Well, to restate the question, you described going about putting 
a welding shop together to do certain specific jobs with a piece of equipment 
to do a given job. 
buying mu 1 ti - purpo se equipment ? Doesn't that ;un into nearly as much money or more than 
Mr. McCampbell: In some cases, it would; but we have here two different 
We have on the one hand, R&D personnel who must start with a piece situations, 
of equipment that essentially can do most anything, because when the man starts,, 
he may not have made up his mind whether the best way to go is MIG, TIG, or 
whatever, So he needs this special laboratory-type equipment. But when we get 
some equipment to go out into the shop areao it should be as simple as we can 
get it. 
we have in some cases, where we actually bought the equipment with all the 
special features that R6rD needed and thensent it t o  the shop, 
I believe that this would be a more economical way to go than the way 
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Mr. m e r :  I also would like to give you mycongratulations for an excellent 
speech., 
Mr. McCampbell: Thank ypu, sir., 
Mr. Kelker: Gentlemen, on behalf of the three speakers, Mr. Taylor, Mr. 
Manary, and Mr. McCampbell, we want to thank you for a very gracious and 
attentive audience. And now I turn it back to Mr. Orr. 
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PANEL DISCUSSION 
Bob Hoppes w i l l  have a l i s t  of t h e  a t tendees  madesup and mailed t o  you, 
so t h a t  each of y o u w i l l  g e t  a l i s t  of those i n  attendance. 
Gordon Parks come up now i f  he w i l l ,  please.  
Development Lab, Marshall  Space F l i g h t  Center. 
morning (I 
I ' d  l i k e  t o  have 
Gordon is chief  of our Welding 
e sc r ibe  a l i t t l e  b i t  t o  you about what our panel i s  going t o  do f o r  ue t h i s  
H e ' s  &sing t o  take  over now and 
Mr.  Parks: I t 's  most g r a t i f y i n g  t o  have been a pa r t  of i n t e g r a t i n g  such 
a c o l l e c t i o n  of t a l e n t  i n  the  S t a t e  of Alabama. 
Thought seed f o r  t h i s  symposium begain t o  germinate some t i m e  ago with the  recog- 
n i t i o n  of our i n a b i l i t y  t o  answer a l l  the technica l  problems t h a t  were being 
generated with the  welding of 2219 aluminum a l loy ;  and, I might add, some of 
the  o ther  a l loys .  
opinion,from industry.  
job of s e t t i n g  up t h i s  symposium, made a tourOalong with Bob Baysinger of 
Kaiser, t o  f e e l  out t he  problems of t h e  aerospace f ab r i ca to r s .  
w e  found t h a t  t he re  were a l o t  of sympathies and much commiseration. Bringing 
back the  s to ry ,  and adding it up, we found t h a t  many people were searching f o r  
the  same per fec t ion  t h a t  w e  were at tempting t o  obta in  here.  
going down the same road and were dup l i ca t ing  each o the r ' s  work. A s  a r e s u l t ,  
w e  summarized t h i s ,  and I th ink  t h a t  stfmmry i s  ava i l ab le  now a s  a handout 
an I n t e r n a l  Note, t h a t  might be i n t e r e s t i n g  t o  some of you, o r  a l l  of you. We 
. f ina l ly  co l l ec t ed  the  t a l e n t  t h a t  is here;  and then someone put my-name on the  
program t o  summarize the 'pape r s  t h a t  were presented t o  make a technica l  summary. 
To some of you who have received a copy of the  papers t h a t  have been presented, 
I found it was extremely d i f f i c u l t .  A l l  these years  I have become p r e t t y  a d r o i t  
dodging such assignments, and yesterday evening I was successful  i n  passing t h i s  
one oneto a very capable and d i v e r s i f i e d  group, headed up by Hiram Brown, who 
w i l l  a c t  a s  chairman. 
from the  par t ic ipants - - -1 . sa id  p r e c i p i t a n t s  yesterday---to -come t o  a conclusion 
and perhaps an objec t ive  from t h i s  general  symposium. 
t o  tu rn  t h a t  r e spons ib l i t y  over t o  Hiram Brown and the  panel. 
My apologies  t o  Mr. Wallace. 
Consequently, w e  a r r i v e d  a t  a plan t o  obta in  a consensus of 
I n  doing t h a t ,  M r .  Hoppes, who has done a wonderful 
Strangely enough, 
Many of us were. 
This group wi l l . a t t empt  t o  draw out  d i scuss ion  and answers 
With t h a t ,  I would l i k e  
Chairman, M r .  Brown: You know, some years  ago, I was making a t a l k  t o  
an Indianapol is  chapter  of Associated Society f o r  Metals. I happened t o  be 71 
about t he  t h i r d  speaker on t h e  program, and each 9f us i n s i s t e d  on hav5ng our 
say, which became q u i t e  lengthy. About half-way through my t a l k ,  I saw.three 
o r  four-men coming down t h e  a i s l e  and I not iced they were car ry ing  a c o i l  of 
rope. So, I s a i d  t o  myself, "Of a l l  t he  p a r t i e s  1 9 m  going t o  a t t end ,  a lynch 
par ty  i s n 9 t  going t o  be one of them@" So, I grabbed my notes  and s t a r t e d  f o r  
the e x i t .  The program chairman sa id ,  "Si t  t i g h t ,  H i ,  I t ' s  me fhey ' re  a f t e r . "  
The Peason I t e l l  you t h i s  s t o r y  i s  t h a t  I ' m  sure  t h a t  nobody here  today w i l l  
sdy t h a t  about Mr. Kuers, M r .  Wuenscher, Mr.70rr2 M r ,  Parks, Mr.,Williams, 
Mr, Hoppes, and a l l  those who made t h i s  thing possible .  I * m  sure  t h a t  I speak 
f o r  a l l  of  us when I say t h a t  w e  c e r t a i n l y  apprec ia te  t h e  care ,  t h e  d e t a i l e d  
handling, and t h e  couetesy t h a t ' s  been extended t o  us a l l  during our s t ay  here  
i n  Huntsvi l le .  Am I r i g h t ,  fe l lows? Now,,you've a 1  heard a g r e a t  many ideas  
expressed 'dqring 
l e a s t  p r o l i f i c .  
f e e l  a l i t t l e  b i t  l i k e  t h e  follow i n  Mew York Ci ty  t h a t  walked up t o  the  I r i s h  
cop and sa id ,  %ayp can you d i r e c t  me t o  the  Methodist Hospital?" 
i s  symposium down here ,  both d i r e c t  and devious, bu t  a t  
d i n  t ry ing  t o  a r r i v e  a t  t he  summary t h a t  'Gordy8 wants, I 
And t h e  
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I r i s h  cop sa id ,  "Sure, and I can be doing tha t . "  He says,  "Cross the  street--- 
t h i s  i s  F i f t h  Avenue---turn t o  the  r i g h t  two blocks and t h e r e s s  Sa in t  Pa r t i ck ' s  
Cathedral," The guy s a i d ,  "You d i d n ' t  understand what I sa id ;  I want t o  go t o  
the  Methodist Hospital." "Wait till I te l l  you," he says. "You go t o  S t .  P a r t i c k ' s  
Cathedral, go up the  s t a i r s ,  and t h e r e ' s  a b i g  door there-.'' The guy sa id ,  "I 
know, bu t  I want t o  go t o  the  Methodist Hospital." The guy sa id ,  "Just  a minute, 
I ' m  t e l l i n g  you. 
s t a i r s ,  go i n  t h a t  b i g  door, 'walk about 50 f e e t  and y e l l  'To Hell  wi th  the  Pope,' 
and before  you know it ,  you're i n  the  Methodist Hospital." 
You go down two blocks t o  Sa in t  P a t r i c k ' s  Cathedral, go up those 
Now, 1 th ink  t h a t ' s  about where w e  a r e  i n  t h i s  program; I * m  not  q u i t e  sure .  
I have taken t h e  l i b e r t y  of j u s t  making a b r i e f  and I ' m  sure  over-simplified 
summary of the  things t h a t  have been discussed. I broke i t  i n t o  th ree  general  
ca t egor i e s  which you may o r  may not  agree  w i t h ,  b u t  these w i l l  pin-point i t  so 
t h a t  w e  can d iscuss  i t .  -I'd l i k e  t o  o u t l i n e  those f o r  you, so t h a t  you can go 
t o  work on t h e  panel. F i r s t ,  i n  t h e  me ta l lu rg ica l  a r ea ,  we've heard considerable 
d iscuss ion  on the  causes of porosity.  
t a lked  about water vapor, hydrocarbon, environmental e f f e c t s ;  we've heard the  
We've heard i t  ascr ibed  t o  hydrogen, we've 
vendors t o l d  t h a t  they couldn ' t  supply good q u a l i t y  base metal, t h e i r  f i l l e r  
metal was lousy, and t h a t  t h i s  a f f e c t e d  weld porosity.  
from the  supp l i e r  on how t o  check weld w i r e ,  what happened with t h e  carry-over 
of gas from the  bad wire i n t o  the weld. 
i s  formed, and nuc lea t ion  and growth phenomena versus the  s o l i d i f i c a t i o n  r a t e .  
through low speed and low poros i ty ;  medium speed wi th  high poros i ty ;  and high 
speed wi th  low poros i ty  again. 
being add i t ive .  
We've had suggestions 
We've heard the theory of how poros5ty 
We've heard about mismatch and poros i ty  no t  
Second, we have covered a s t a t i s t i c a l  a rea :  The Welding Parameters on 
Electron Beam Welds and S t a t i s t i c a l  Approach of Design,*Control,-and Evaluation 
of Test  Welding, i n  which we were t o l d  how t o  work on t h i s  cube and f ind  a i l  
the  corners  of t h e  cube by s t a t i s t i c a l  methods r a t h e r  than t ry ing  t o  do i t  i n  
the  s imple  hand way. We've heard an ana lys i s  of q u a l i t y  problems i n  which we 
were t o l d  the  as tonish ing  news t h a t  85 percent of t h e  problems were found i n  
t h i s  i nves t iga t ion  t o  be of a human na ture ,  12 percent too l ing  and equipment, 
and 3 percent o the r s ,  including mater ia l .  We've heard about the  s t r a i n  d i s -  
t r i b u t i o n  ac ross  aluminum weldments. 
We a l s o  had a t h i r d  a rea  of equipment and operation. We've heard 
discussed hea t  t r a n s f e r a  slow t r a v e l  r a t e  and f a s t  t r a v e l  r a t e ,  and the i m -  
p l i ed  suggestion t h a t  i f  you're going t o  use  a slow t r a v e l  r a t e ,  use copper 
backup t o  take  away t h e  hea t  more rap id ly ;  i f  you're going t o  use a f a s t  t r a v e l  
r a t e ,  use s t a i n l e s s  s teel  t o  slow down the  h e a t  d i s s ipa t ion .  W e  heard a 
~ Shields fo r  Atmospheric Contamination. We 
Sel f  -Compensating Gas Tungsten-Arc Welding; 
u i t  TV; and Equipment Precautions f o r  High 
on. And, we've had a look t h i s  morning a t  
including how t o  c l ean  the  w i r e  j u s t  before  
heard of t h e  e f f o r t s  t o  achieve 
Torch Guidance Using Closed Circ 
Oualitv Welds i n  Thick Aluminum. 
Spectrographic Monlltoring of Gas spheG
lf-compensati  
c u i
it went i n t o  the  welding operati
,  ~ _ _ _  .~ 
to-  t i  - - -  
some e This i s  a p r e t t y  wide a rea ,  and the re  
have been many things sa id .  The th ing  t h a t  t he  panel has t o  do, i n  order t o  
summarize t h i s  f o r  you before  we ge t  through, i s  t o  f i n d  out how much has 
been f a c t  and how much has  been f i c t i o n ,  and your answers and questions a r e  
going t o  poin t  t h i s  out,  
w i l l  s tand  up so they can see who they a r e  going t o  i n s u l t  t h i s  morning: 
I ' d  l i k e  t o  introduce the  panel t o  yous i f  they 
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M r ,  Hawkins, M r .  Lenamond, M r e  Bandelin, M r ,  Rish, M r .  Schwartzbart, M r ,  Dyer 
M r ,  Waite, M r *  R i e p p e l .  Mr, Hackman, M r .  Davis, and M r .  Vjltaa 
your gentdemen, 
agree with,  o r  t h a t  you wish t o  agree with. 
'mpse a r e  
You can f i r e  when ready, present  anything t h a t  you do not  
F i r e  away! 
M r .  Chyle: On t h i s  mat ter  of poros i ty  i n  aluminum welds, we'heard 
yesterday a number of papers a l l  i n  t he  same way, ind ica t ing  t h a t  poros i ty  
i s  almost unavoidable, and y e t ,  w e  had a few speakers t h a t  sa id ,  " W e l l ,  i f  
you can con t ro l  these th ings ,  you ' l l  have a weld t h a t  i s  f r e e  from poros i ty  
and t h a t  i s  cont ro l lab le ,"  I * d  l i k e  t o  know from the  panel whether someone 
can say t h a t  they do have con t ro l  of poros i ty ,  t h a t  i f  you take ca re  of some 
of the va r i ab le s ,  l i k e  t h e  w i r e  and a f o ther  th ings ,  t h a t  you can say, 
"Yes, w e  can guarantee a weld t h a t ' l l  be, say,  NASAss spec on radiography," 
Chariman, Plr. Brown: Who would l i k e  t o  t r y  t h i s  one f o r  s i z e ?  
Panel, Mr. Baysinger: Concerning the poros i ty ,  I th ink  t h a t  the bas i c  
problem i s  t h a t  it i s  uncontrol lable ,  because I've looked a t  many, many f e e t  
of X-ray f i lm,  100-foot long welds, and t h i s  i s  the  f r u s t r a t i n g  thing.  Por- 
t i ons  of t h i s  weld w i l l  be perfect, t h i s  is  t rue ,  but  then, a l l  of a sudden, 
something changes and you ge t  a por t ion  of the  weld t h a t  i s  not  good., Then, 
i t  w i l l  c l e a r  up, and it w i l l  go on, weld merr i ly  f o r  50 f e e t ,  and everything 
i s  f ine .  
with pressure vesse l  people who have X-ray requirements on t h e i r  100 percent 
X-ray, f i e ld -e rec t ed ,  very l a rge  aluminum spheres.  Wed f ind  t h a t  t he  welding 
w i r e  equipment i s  back i n  t h e  ice ages compared t o  what t he  space industry i s  
using. 
no check on the gas,  no check on the equipment. Y e t ,  much of t h a t  footage i s  
good. 
whole seam w i l l  be bad, 
You don' t  know what i s  causing the  d i f fe rence  between the  good and the  bad, 
The summary of papers here  was intended t o  present  ideas  on what the  causes 
might be so  t h a t  the  welding engineer could take a look a t  t he  various poss ib le  
causes i n  the  hopes of cor rec t ing  these,  t h a t  he could cons i s t en t ly  ge t  good 
welds. My opinion is t h a t  i f  with a mi l l ion  d o l l a r s  worth of equipment, very 
extensive qua l i t y  con t ro l ,  checking, draw f i l i n g ,  and everything, you s t i l l  
c a n ' t  make a good weld, there  i s  s t i l l  some f a c t o r  operat ing t h a t  i s  out of 
control .  So, I th ink  t h a t  your ana lys i s  t h a t  i t  i s  not  cont ro l led  i s  q u i t e  
cor rec t .  
There a r e  o ther  th ings  t h a t  a r e  even more f r u s t r a t i n g  i n  working 
They take  wires r i g h t  o f f  the  she l f  with no cont ro l ,  no sjpecbfication, 
Then a l l  of a sudden y o u ' l l  h i t  bad seams, and when t h a t  happens, t he  
This i s  bas i ca l ly  the  problem: It i s  uncontrolled.  
Panel, Mr. Vilkas: 
studying the  a r c  physics,  
ing welds a r e  made with very, very l aw voltages.  What i s  the  r e l a t ionsh ip  
between t h e  physical  a r c  length,  o r  i n  this case,  f o r  example, vol tage,  and the  
porosi ty  l eye l?  
welding the re  i s  a c e r t a i n  optinun a r c  length which produces the l e a s t  poss ib le  
amount of poros i ty  i n  t h e  Geld, The changes i n  these  parameters, l i k e  a r c  
length,  should be recorded, and co r re l a t ed  with the  poros i ty  leve l .  
have t r i e d ,  and I be l i eve  w e  w i l l  publ ish soon the  s imple  methods of c o r s e l a t -  
ing these f ac to r s .  There a r e  o ther  things: f o r  example, the  shape of t he  
a rc .  What i s  the  r e l a t ionsh ip  between the shape of the  a r c  and porosi ty? 
I be l ieve  t h a t  some of t h e  answers can be found i n  
For example, most people know t h a t  t he  deep penet ra t -  
You have perhaps t r i e d  yourself  and know t h a t  with the  MIG 
This we 
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Some of t h e  s tud ie s  a l ready  made by Douglas indicated t h a t  r i p p l e  has some- 
thing t o  do with these  phenomena; so does the  penetrat ion.  So, t he re  a r e  
physics involved which should be s tudied and compared under production 
conditions.  L e t ' s  use  production condi t ions which a r e  known. L e t ' s  
use t h e  j o i n t  designs and the  thicknesses which a r e  known and evaluate  
porosi ty  with respec t  t o  these  parameters which a r e  s h o r t l y  described a s  
a r c  physics. 
Chairman, M r ,  Brown: Does t h i s  answer your question o r  do you want t o  
go some more? 
M r .  Chyle: Y e s ,  but I have a second p a r t  t o  t h a t .  NOW, i f  t h e  con- 
sensus of opinion i s  t h a t  t h e r e  i s  s t i l l  an uncontrol lable  f a c t o r  i n  regard 
t o  porosi ty ,  would you say t h a t  i f  w e  observe a l l  the  s c i e n t i f i c  p r inc ip l e s ,  
we have hope t h a t  w e  can i n  t h e  near fu tu re ,  by s c i e n t i f i c  con t ro l ,  e l iminate  
porosi ty? 
Chairman, M r .  Brown: Perry, would you l i k e  t o  comment? M r .  R i e p p e l ?  
Panel, M r .  Rieppel: I think w e  can s t a r t  a t  t h i s  f a i r l y  simply. We 
won't have porosi ty  unless  w e  have gas,  and t h a t  gas i s  hydrogen. Now i f  
you don ' t  g e t  it i n  t h e  weld, you won't have porosi ty .  There a r e  seve ra l  
things,  many things,  you can do t o  keep it  out, but  y o u ' l l  probably never 
reach t h e  point where y o u ' l l  keep it a l l  out ,  cons i s t en t ly ,  a l l  the  t i m e .  
You a r e  t r y i n g  f o r  per fec t ion  which y o u ' l l  probably never reach. But, i f  
we observe the  things t h a t  w e  know, i n  terms of keeping i t  out ,  w e  could go 
a long way i n  t h i s  manner. Now, the  other  things t h a t  w e  do, i n  terms of 
c o n t r o l l i n g  speed and a l l  t h i s  s o r t  of thing,  j u s t  simply con t ro l  whether 
it comes out o r  whether i t  s t a y s  i n .  
t h i s  point  of perfect ion.  If w e  had no gas t h a t  could g e t  i n t o  the molten 
metal, i n  t he  wfld, w e  would not  have any pozosity.  We can keep most of 
t h i s  ou t ,  most of t h e  t i m e ,  but  t he re  a r e  inconsis tencies  t h a t  come along, 
We w i l l  probably never reach t h i s  point  of perfect ion,  and the re  i s  no 
use t ry ing .  But, w e  can keep i t  down t o  a low l e v e l ,  and probably by 
learning more than w e  know now, w e  can maybe squeeze t h a t  dQwn a l i t t l e  
f u r t h e r  and cons i s t en t ly .  But, I don ' t  think t h a t  w e  w i l l  ever ge t  r i d  
of i t  completely. 
t h i s  answers it o r  no t ,  
I don' t  think w e  ever w i l l  ge t  t o  
I t ' s  not even worth t ry ing  t o  do. I don ' t  know i f  
Chairman, M r .  Brown: Does t h i s  answer i t? 
M r .  Chyle: Yes. 
Panel, M r .  Davis: I th ink  t h a t  w e ,  a s  welding engineers,  t r y  t o  
con t ro l  our welding processes and a l l  var iab les  so t h a t  w e  obtain c l e a r  
welds wi th in  some s t a t i s t i c a l  p robab i l i t y ,  W e  r e a l i z e  t h a t  w e  have some 
c leanl iness  con t ro l ,  We c a n ' t  c o n t r o l  it 100 percent  , nei ther  can w e  
con t ro l  t he  equipment 100 percent nor t h e  manual operat ions t h a t  go i n t o  
the  j o i n t  before i t  reaches welding. So, t he re fo re ,  we put some s t a t i s t i c a l  
l i m i t  i n  i t  ourselves,  knowing very good and w e l l  . tha t  we're going t o  have 
some porosi ty .  
here,  t h a t  mul t ip l ies  i n t o  t h i s ,  and t h i s  i s  the  manufacturing of t he  base 
metal, 
But, now the re ' s  another  s t a t i s t i c a l  va r i ab le  t h a t  comes i n  
The people who a r e  manufacturing t h i s  metal have some probabi l i ty  
378 
t h a t  t h e i r  mater ia l  i s  going t o  have a minimum amount of hydrogen, some 
99 percent probabi l i ty ,  based on a 95.percent  confidence, 
i n  99 batches,  o r  i f  you run 100 such batches,  95 of these batches w i l l  f a l l  
wi thin t h i s  95 percent probabi l i ty ,  and the o ther  would f a l l  i n  t h i s  5 p e r -  
cent  outs ide.  So, therefore ,  w e  have a s t & i s t i c a l  p robabi l i ty  of introducing 
porosi ty ,  no t  from j u s t  the  welding operat ion,  but  from the  base metal ,  and 
even though we e s t a b l i s h  ours on some confidence. leve1 i n  the welding f i e l d ,  
we have t o  add t o  t h i s  the  probabi l i ty  of the  manufacture of the  base metal. 
This means t h a t  
Panel, Mre Hackman: 
perhaps revolut ionary bu t  a l i t t l e  d i f f e r e n t  than what we have heard so  f a r .  
F i r s t ,  of a l l ,  I th ink  t h a t  i f  you look a t  a l l  the  d i f f e r e n t  welds being 
made on the  Saturn V Vehicle today, y o u ' l l  f i nd  t h a t  the vas t  majority---and 
I th ink  I ' m  cor rec t ,  maybe someone w i l l  jump up and t e l l  me on th i s - - -a re  
not  giving any real  problem as f a r  as porosity.  
o 'c lock welds, not i n  the  other  welds, So, i t ' s  a case of posi t ioning,  The 
metal  hasn ' t  changed, t he  process hasn ' t  changed, the  cont ro l  hasn ' t  changed, 
nothing has changed. Only one thing has changed: pos i t ion .  So, we get  an 
uncontrolled s i t u a t i o n  on our 3 o 'c lock welds. Now, the  dec is ion  was made 
a long t i m e  ago t h a t  the large vehic les  would be made with s o f t  too l ing ,  
and c e r t a i n l y  it:ls not  f o r  me t o  quest ion t h i s  decision. However, when we  
went t o  s o f t  tool ing,  t h i s  meant t h a t  we were s tuck with the 3 o'clock welds. 
Now, i f  i t ' s  r e a l l y  important, v i t a l l y  important, t h a t  the q u a l i t y  of these 
welds be improved or t h e  program i s n ' t  going t o  go anywhere, t h e r e ' s  an' 
obvious answer, and it doesn ' t  requi re  any R & D study a t  a l l .  I t ' s  a 
simple case of r o l l i n g  these welds over. And, while t h i s  may seem l i k e  
a r a t h e r  funny th ing  t o  suggest,  t o  take  a vehic le  so l a rge  and r o l l  
it, .o r  even cock it over p a r t i a l l y ,  I can t e l l  you t h a t  I think i t ' s  
completely p r a c t i c a l  because the  U.S. Navy has b u i l t  an atomic submarine 
out  of two inch p l a t e  which Is 100 percent roll-welded. 
welded a complete submarine. So, I throw t h i s  out  f o r  a thought, t h a t  
t h i s  i s  one a rea  t h a t  has  not  been---I shouldnrt  say t h i s ,  it c e r t a i n l y  
has been considered---but I haven't  heard it  brought up during the l a s t  
th ree  days. 
I ' d  l i k e  t o  make seve ra l  suggestions which a r e n f t  
The problem l ies  i n  the 3 
They r o l l -  
Floor,  Question: This i s  going t o  change the, subject  a l i t t l e  b i t ,  
I f  the  panel  i s  f in i shed  with g e t t i n g  r i d  of poros i ty ,  t h i s  has t o  do with 
the  loca t ion  of random poros i ty  w i t h i n \ t h e  weld. 
day al luded t o  the  f a c t ,  and it w a s  on ' the 3 o'clock weld, t h a t  poros i ty  
a t  the i n t e r f a c e  between the fus ion  l i n e  and perhaps the heat  a f fec ted  zone 
w a s  a l i t t l e  more undesir  b l e  than poros i ty  randomly spaced throughout the  
center  of the  weld. 
case, i f  t he re  w a s  an explanat ion f o r  i t ?  
One of t he  speakers yes te r -  
I wondered i f  'd. had heard co r rec t ly ,  and i f  t h i s  is the  
Panel, M r .  Bandelin: The gentleman t h a t  gave t h a t  p a r t i c u l a r  paper 
i s n ' t  on the  panel today, but I th ink  t h a t  I can s l i g h t l y  e labora te  on it. 
I n  the  many t e s t s  t h a t  have been performed, by many companies, t h i s  condi t ion 
on the 3 o fc lock  welding, where we f i n d  the  poros i ty  a t  the fus ion  zone of 
t he  base metal  i n  a more l i n e a r  condi t ion,  has proven many, many times t o  be 
a f a i l u r e  condi t ion much lower than the' poros i ty  t h a t  has appeared i n  t h e .  
cen ter  or i n  a s c a t t e r e d  condition. 
my p a r t i c u l a r  paper w a s  not r e f e r r i n g  t o  l i n e a r  poros i ty ;  I was r e f e r r i n g  t o  
sca t t e red  porosi ty .  We have found t h a t  t h i s  condi t ion of a regular  shaped 
poros i ty  and globular  shaped poros i ty  in'a. l i n e a r  condi t ion,  which appears 
I f  you recal1,yesterday I mentioned t h a t  
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adjacent  t o  the  fus ion  zone d i r e c t l y  aga ins t  t h e  base m e t a l  more or less, 
has considerably lowered t h e  values.  
when loaded between the  poros i ty  condi t ions,  and I would say, by f a r  has  
lowered 
same type of po ros i ty  and scattering it throughout the  masso I t r s  not  a 
f a c t o r  of c ross  s e c t i o n a l  area of reduct ion by porosi ty ,  bu t  the a c t u  
loca t ion  of po ros i ty  i n  r e l a t ionsh ip  t o  t h e  loads t h a t  are appl ied.  
t h a t  he lp  you any? 
There has been propagation of cracking 
the  property values  many9 many percent ,  below t h a t  of taking the  
Does 
Floor,  Question: I ga ther  t h a t  I w a s  r i g h t  and t h a t  t he re  i s  concern 
about poros i ty  i n  t h i s  area. 
Panel, M r .  Bandelin: Abgolutely. 
Chairman, M r .  Brown: M r .  Schwartzbart ,  d id  you want t o  comment? 
Panel, M r .  Schwartzbart:  I think an  add i t iona l  th ing  t h a t  was brought 
ou t  yesterday was tha t  a l l  the speakers who ta lked  about f a i l u r e  zones, 
f r ac tu red  specimens of any s o r t  , remarked t h a t  f a i l u r e  occurred i n  fus ion  
zone o r  near i t ;  which would mean t h a t  the poros i ty  i n  t h a t  region, j u s t  by 
reduct ion of c ross -sec t iona l  thickness  would be more de l e t e r ious  than 
poros i ty ,  l e t ' s  say,  s ca t t e r ed  throughout the  reg ion  of the weld where t h e r e ' s  
add i t iona l  metal. 
Floor ,  Question: I want t o  address t h i s  t o  M r .  Rieppel i n  p a r t i c u l a r .  
Almost a l l  t he  s l i d e s  and p i c tu re s  we've seen on porosi ty  have shown a n ice  
c i r c u l a r  appearance on the X-ray f i lm,  and ye t ,  he re  a t  Marshall ,  almost all. 
the r e j e c t a b l e  poros i ty  we,  i n  Qual i ty ,  f i nd  are the so-cal led poros i ty  with 
t a i l s  o r  sharp termination poin ts .  
type appearance i n  the  weld r a t h e r  than a nice, sphe r i ca l ,  round gas bubble. 
I ' d  l i k e  t 6  know i f ,  i n  your opinion, these hydrogen gas bubbles a r e  i n  the 
weld, o r  i s  there  some o ther  explanat ion f o r  them? 
We see many in'stances of a long s t r i n g e r -  
Panel, M r .  Rieppel: Well, t o  begin with,  I th ink  we can say t h a t  they 
a r e  hydrogen. 
aluminum. The reason t h a t  you bave the t r a i l e d  out  shapes t h a t  you're t a lk -  
ing about i s  t h a t  you s t a r t  a bubble, and maybe three  qua r t e r s  of the  p e r i -  
meter of tha t 'bubble  f reezes  which leaves a l i t t l e  paece of the surface of 
t h a t  bubble exposed t o  l i qu id  metal. This w i l l  expand and  w i l l  keep on 
coming out  and growing l a r g e r  u n t i l  i t  f i n a l l y  f r eezes  i n  f o r  some reason. 
We see t h i s  i n  s tee l  a l s o ,  when you have poros i ty  t h a t  s ta r t s  and grows along 
as the  s o l i d i f i c a t i o n  cont inues.  One p a r t  of t h a t  bubble had l i qu id  metal on 
i t .  It grows l a r g e r  and squeezes out  a l i t t l e  f u r t h e r  and j u s t  keeps on going 
u n t i l  i t  e i t h e r  f r eezes  i n  o r  t he re ' s  no more source of hydrogen f o r  i t ,  
We don ' t  know of anything else t h a t  produces poros i ty  i n  
Chairman, M r .  Brown: Which i s  the l a s t  t o  form, Perry,  the t a i l  o r  the  
round paet?  
Panel, M r .  Rieppel: Well, the  l a s t  p a r t  t o  f reeze  w i l l  be the l a r g e s t  
p a r t  of i t  usua l ly  because t h i s  type of th ing  as  i t  grows, s t a r t s  small  and 
keeps g e t t i n g  1 rge r .  It w i l l  no t  be round. Both w i l l  probably be 
round, but  the a r g e s t  end i s  the one t h a t  f reezes  l a s t ,  a s  a r u l e .  .The o ther  
end may o r  may not be,  but  probably w i l l  be round. It might have s t a r t e d  
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forming on some type of inc lus ion ,  and i f  you searched the very beginning, you 
might f ind  a rough..sarface of some kind there ,  but  chances a r e ,  it 'll be 
near ly  round from the beginning, except f o r  one small p a r t  of it. 
Chairman, M r .  Brown: M r  Schwartzbart, you want t o  comment on i t?  
Panel, M r .  Schwartzbart: I o f f e r  an a l t e r n a t e  explanation, which we 
think is the case.  
see  round pores with t a i l s ,  i n  which case the t a i l s  have sharp ends, we think 
the poros i ty  is caused by gas coming out and nucleated a t  s i t e s  of miero cracks.  
You have a micro crack f i r s t  which nucleates  the generat ion of the  micro pore, 
and we think t h i s  i s  the explanation of the type of defec t  t h a t  you a r e  t a lk ing  
abaut.  It seems t o x p  t h a t  the other  type of mechanism might be more a p t  t o  
give you a t e a r  shape o r  round end of the t a i l ,  which we haven't  seen i n  our 
metallographic work. 
From metallographic work we've done on poros i ty  where we 
Panel, M r .  Rieppel: I think t h i s  would be q u i t e  easy t o  check because, 
i f  there  was a crack, t h i s  crack had t o  be i n  s o l i d  metal o r  i n  near ly  s o l i d  
metal. Again, i f  you g e t  a bubble a t  the end of t h a t ,  there  must be a l i qu id  
face f o r  -it t o  form i n ,  So, you might s t a r t  with what was a crack,  which 
extends t o  a f reez ing  face ,  and there  accumulat& a bubble on the  end of it. 
But, I think t h a t  you see  t h i s  long t ra i led-out  type of poros i ty  p a r t i c u l a r l y  
i n  steel---we used t o  c a l l  them worm holes---and they follow the pa t t e rn  of the 
f reez ing  of the bead. They s t a r t  t o  nucleate  one way o r  the o ther  but  there  i s  
a l i qu id  face on one p a r t  of t h i s  where i t  keeps growing, and i f  you look a t  
the s ides  of i t ,  y o u ' l l  have a bunch of l i t t l e  sca l lops  on i t  a s  i t  progressively 
grows along. I don ' t  say t h a t  Harry 's  ana lys i s  i s  wrong, but I think i f  you had 
a crack,  you're c lose  t o  sol idous,  arid one end of t h a t  crack then must have been 
a t  the l i qu id  phase o r  very near it. 
Panel, M r .  Schwartzbart:  I think t h a t  the crux of the matter  i s  whether 
a micro crack can nucleate  a pore. We think i t  can, and we think t h i s  i s  the 
explanat ion.  Probably the t r u t h  l i e s  somewhere between the  two. 
M r .  Sapers te in :  I have a comment per ta in ing  t o  the discussions t h a t  
have a l ready  been made, i f  I may make i t .  I n  add i t ion  t o  the p o s s i b i l i t i e s  
t ha t  have already been of fered ,  the B r i t i s h  many years ago discussed another 
form of poros i ty ,  which I think w e ' r e  a l l  aware o f ,  tunneling type of poros i ty ,  
which has nothing t o  do with hydrogen; which i s  due i n  f a c t  t o  very high cu r ren t  
d e n s i t i e s ,  and high gas flow r a t e s ,  and i s  a mechanical e f f e c t  more than any- 
thing e l s e ,  with a t tendant  high s o l i d i f i c a t i o n  rates. 
have the  appearance, i n  f a c t  always has the appearance, of a long pore t h a t  
a r a l l e l s  the longi tudina l  a x i s  of the weld. It has been es tab l i shed  t h a t  
such*a defec t  i s  caused by the entrapment of the i n e r t  gas. 
This sometimes can 
Panel, M r .  Rieppel: May I comment on t h a t ?  When i t  happens, i t  
g e t s  the  so-cal led puckering. 
M r  e Sapers t e i n :  Not always e 
Panel, M r .  Rieppel: Well, i t  ge ts  very c lose  t o  i t ,  Your welding process 
i s  out  of cont ro l  or  you won't ge t  i t ,  
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M r .  Sapers te in :  That ' s  r i g h t .  
Panel, M r .  Rieppel: Completely out  of con t ro l .  
M r .  Sapers te in :  No. 
Panel, M r .  Rieppel: Well, f o r  a l l  p r a c t i c a l  purposes. 
M r .  Sapers te in :  That i s ,  i f  you f ind  a f t e r  t he  f a c t  t h a t  i t ' s  out  of 
con t ro l ,  and you see such a de fec t ,  I w i l l  agree with.you. I t ' s  not always 
obvious t h a t  i t ' s  ou t  of con t ro l  when the defec t  happens. 
Panel, Mr. Hackman: Following up on t h a t ,  j u s t  one more comment. We 
made exce l len t  tunneling which is j u s t ,  1: agree with you, trapped i n e r t  gas. 
Where w e  did not  have a puckered surface,  t h e  outward surface was exce l l en t .  
This occurs under th ree  considerat ions,  o r  four perhaps: (1) very high cur-  
r e n t ,  (2) very high gas flow $ (3) r e l a t i v e l y  th i ck  p l a t e ,  and ( 4 )  general ly  
on a l l o y s  having a narrow. f r eeze  range such as 1100 o r  3003. 
y o u ' l l  walk r i g h t  i n t o  t roub le  i f  you attempt t o  do t h i s  with s t r a i g h t  Argon. 
Quite o f t e n  t h e  s u b s t i t u t i o n  of t h e  Helium r i c h  mixture, and perhaps i f  you 
have a choice of f i l l e r  w i r e ,  g e t t i n g  a f i l l e r  wire with a wider f r eeze  range 
w i l l  overcome t h i s .  We have produced t h i s ,  a l o t  of i t  unfortunately,  through 
using Argon and working on these p a r t i c u l a r  a l l o y s  t h a t  do have t h i s  narrow 
f r eeze  range .,
And p a r t i c u l a r l y ,  
M r .  Cline: I note,  with respect t o  porosi ty  and de fec t s  i n  general ,  
t h a t  w e  have seen a number of s l i d e s  and examples of black do t s ,  before  our 
eyes. I n  addi t ion  t o  seeing these black dots  and r e f e r r i n g  t o  them i n  various 
forms of terminology, on a properly prepared specimen the re  should also be some 
other  things t h a t  you would be a b l e  t o  see. It causes some concern from a 
metallographic standpoint when you only see these  black dots ,  apd you don ' t  
see some of t h e  o the r  t h ings  t h a t  you know a r e  the re  and should be there .  I 
th ink  t h a t  i n  the  evaluat ion of porosi ty  o r  de fec t s ,  o r  i n t e r n a l  inclusions,  
t h a t  t h i s  i s  oftentimes a good measure of whether we're having proper p r e -  
parat ion o r  not.  Do we.ac tua l ly  see some of t h e  things t h a t  w e  know should 
be the re .  I n  some of t h e  presentat ions of c ros s  sec t ions ,  looking a t  de fec t s ,  
i t  was not apparent from t h e  s l i d e s  o r  t he  photomicrographs themselves t h a t  
w e  were seeing soine of t h e  things w e  should see there .  
Chairman, M r .  Brown: What kinds of things did you have i n  mind? 
M r .  Cline: Spec i f i ca l ly ,  i n  one of t h e  papers t h i s  morning, looking 
a t  t h e  c ros s  sec t ions  of wire, t h e r e ' s  no apparent meta l lurg ica l  s t r u c t u r e ,  
y e t  i n  t h e  as-polished condi t ion,  some should be apparent,  
Chairman, M r .  Brown: Is i t  the f a c t  t h a t  t he  d e t a i l  i s  not  brought 
out i n  t h e  transmission of your p i c t u r e  sometimes? 
Panel, M r .  Schwartzbart: Would you expect t o  see it  i n  the unetched 
What would you expect t o  see unetched i n  addi t ion  t o  the  pores? condition? 
M r .  Cline: 1: think t h e r e  a r e  many cons t i tuents  t h a t  should appear 
unetched. W e  should see some of t h e  inso luble  cons t i tuents  t h a t  a r e  there ,  
and i n  the case of t he  aluminum-copper a l l o y s ,  we should see t h e  copper phase. 
Chairman, M r .  Brown: I s n ' t  t he re  a good chance. t h a t  t he  d e t a i l  may 
be l o s t  i n  reproducing these? Sometimes when you e tch ,  you're e tch ing  t o  
br ing out  a p a r t i c u l a r  thing,  and you've not  e tch ing  f o r  the whole thing.  
You must e t ch  d i f f e r e n t l y  f o r  each one. 
doeenR t i t ?  
I th ink  t h i s  leads t o  i t  sometimes, 
Chairman, M r .  Brown: These a r e  unetched? Well, t h a t ' s  even harder  
t o  br ing  out  t h e  d e t a i l ,  I think. 
M r .  Cline: It was a general  note  t h a t  I th ink  t h i s  should be taken 
i n t o  cons idera t ion  when we're looking a t  de fec t s  because i n  the  pol ishing of 
metallographic specimens i n  aluminum, sometimes you're going t o  see  some 
a r t i f a c t s  t h a t  could be construed a s  defec ts  o r  poros i ty ,  and they a ren ' t .  
One measure of t h i s  i s ,  can you see some of t h e  th ings  t h a t  should be there?  
Chairman, M r .  Brown: On the  microscope, you're noL calking about the  
X-ray pictuyes we saw? 
M r .  Cl ine:  On the microscope only. 
Chairman, M r .  Brpwn: M r .  Hawkins, do you want t o  comment on t h a t ?  
Panel, M r .  Hawkins: Well, I th inka tha t  understanding the  p r inc ipa l  used, 
i n  the cleaning a t  GDA---I'm'sure hhis  i s  the paper he ' s  r e f e r r i n g  to---you 
a c t u a l l y  g e t  a sur face  condi t ion which looks l i k e  a weld t h a t  has been made 
because you have a c t u a l l y  drawn an a r c ,  and without e tching i t ,  i t  i s  not going 
t o  show up nor i s  i t  gbing to be obvious blown up 200 t i m e s ,  because 1 have 
seen some samples t h a t  they have done where they have etched them, and you can 
see a l l  these i t e m s .  Now the o r i g i n a l  s l i d e s  did show t h i s .  But I th ink  t h a t  
i n  the  pgper, t ransmi t t ing  i t  through taking the photographs, a l o t  of i t  was 
l o s t .  But you could see  weld r i p p l e ;  i n  o ther  words, you could see displacement 
of some sur face  metal t o  some degree i n  the o r i g i n a l  s l i d e s .  
M r .  Wuenscher: Having a panel with a l a rge  number of outs tanding exper t s  
i n  the f i e l d ,  I wanted t o  take t h i s  opportuni ty  t o  f ind out  something. I f  we 
t a l k  about welding, w e  have there  a beau t i fu l  means t o  come up with a one-piece 
s t ruc tu re .  Weldiog enables you t o  take the p a r t s  and t o  make them one piece.  
Now, it has some disadvantages,. 
so you have t o  give a l i t t l e  b i t  i n  l o c a l  weld land and t h i s  i s  j u s t  a weight 
penalty.  -And i f  you have such an inherent  occurrence,  l i k e  porosi ty ,  i t  more 
or less belongs t o  the  t o t a l  s to ry  of weld e f f i c i ency .  
i t . a l l  f i l l e d  up; there  a r e  l i t t l e  voids .  You can overcome i t  by j u s t  making 
your weld land a l i t t l e  b i t  t h i cke r ,  which means lowering your reqpirement, and 
i t  w i l l  be a l i t t l e  b i t  more of a weight penal ty  t o  ge t  a one-piece s t ruc tu re .  
But, t he re  i s  something else, and I think t h a t  wasn't  mentioned a t , a l l  here .  
You have another  inherent  disadvantage i n  welding something together4 you have 
shrinkage and warpage, and t h i s  i s  what, des i r ab ly  i n  many cases ,  r u l e s  out  
weldiing. I th ink , - f rom the point  of poros i ty  and weld e f f i c i ency ,  t h a t  i f  you 
would pe r fec t  TIG o r  M I G ,  o r  what have you, and g e t  ri$ of the poros i ty ,  and 
i f  you would do something t o  the a l l o y  t o  avbid any degradation by hea t  
e f fec ted  zone, l i k e  i n  alpha t i tanium o r  so, you would g e t  100 percent weld 
e f f i c i ency .  Then you would have everything. But I think a welding process 
should be considered with respec t  t o  mfndmum shrinkage 
There i s  something l i k e  a weld e f f i c i ency ,  
That means you c a n ' t  g e t  
to 
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un ive r sa l ly  a v a i l a b l e  
tank of a b ig  vehic le .  
r i g h t  now we m i l l  i t  ou t  of a two-and-a-quarter-inch p l a t e .  I f  you look toward 
the l a r g e r  vehic le ,  you would,l ike t o  have a high s t i f f e n e r ,  4 o r  6 inches,  and 
you wouEd j u s t  have t o  have the  s t u f f  t o  m i l l  i t  out  of f u l l  p l a t e .  
t o  j o i n t  t h a t ,  and even if you had a welding process which was pe r fec t  o r  t h  
would e f f i c i e n t l y  weld, and the weld land wouldn't play a major r o l e  weight- 
w i s e ,  the  p roh ib i t i ve  f a c t o r  would be the  tremendous inf luence  of shrinkage. 
The b i g  parts would have t o  be reshaped a f t e r  welding, and suddenly t h a t  whole 
approach doesn ' t  seem too a t t r a c t i v e .  So I want t o  f ind  out  here  from the  
panel 
l e t ' s  say the  most fool-proof operation, w i l l  provide t h e  l e a s t  disturbance 
with respect t o  shrinkage. Which welding processes a r e  t h e  a t t r a c t i v e  ones 
t o  be 1ooked.into. This i s  obviously something w e  have t o  do i n  the  f u t u r e  
and a l s o  t o  support i n  t he  fu tu re ,  whether i t  i s  needed r i g h t  now o r  not.  
so t h a t  we could d o  more things l i k e  looking i n t o  the  
You have t o  have s t i f f e n e r s  t o  avoid buckling, and 
I f  you want 
which welding process, not only considering h ighes t  weld e f f i c i ency ,  o r ,  
Chairman, M r .  Brown: M r .  Lenamond, would you ca re  t o  comment on t h a t ?  
Panel, M r .  Lenamond: This may be, a s  you say, a l i t t l e  b i t  i n  t h e  
fu tu re ,  bu t  i n  thinking of t he  porys i ty ,  I mean t h e  shrinkage and t h e  stresses 
t h a t  are s e t  up here  i n  bui ld ing  o r  f a b r i c a t i n g  these  vessels, one means t h a t  
we have looked a t  and a r e  doing some preliminary work i n  i s  t h a t  of ' co ld  
welding.! 
d i f f e r e n t  aspec ts .  
point of preventing th ings  such a s  'galding, and a r e  taking g r e a t  means t o  
prevent t h i s .  But, I j u s t  wonder, a r e  w e  r e a l l y  looking a t  it hard enough 
and long enough from t h e  standpoint of a c t u a l l y  making t h i s  t h ing  work? 
means t h a t  would work i s  g e t t i n g  two sur faces  f l a t  on t h e  atomic sca l e ,  
because, i n  e f f e c t ,  you have h o  f a c t o r s  here--a f l a t  sur face  and a c lean  
sur face .  
contend with,  bu t  I do th ink  t h a t  we should g ive  t h i s  a g rea t  dea l  of thought. 
Now, a l o t  of people have looked a t  t h i s  f o r  a long t i m e  from 
NASA i s  lookingsa t  i t  i n  many ins tances  from the- s tand-  
One 
Admittedly, you're going t o  have t h i s  th ing  of absorbed gases t o  
Panel, M r .  Waite: I b e l i e v e , t h a t  i n  t h e  choice of a process w e  
a l s o  have t o  take  i n t o  cons idera t ion  the  procedures t h a t  a r e  necessary t o  
use t h a t  process properly,  including preparation. I f e e l  t h a t  t he  process 
which i s  app l i ceb le  t o  v e r t i c a l  welds i s  not  necessa r i ly  app l i cab le  t o  the  
ho r i zon ta l  welds. I a l s o  f e e l  t h a t  a g r e a t  dea l  of the  problem can be 
eliminated by edge preparation; probably s o f t  t oo l ing  prevents an optimum 
edge preparation. We have heard a l o t  about poros i ty  a s  a r e s u l t  of gaseous 
parent metal on occasion. 
use of proper edge prepara t ion ,  so t h a t  w e  fuse  no t  a l a rge  c ros s - sec t iona l  
a rea  of a t i g h t  square b u t t  j o i n t ,  bu t  r a t h e r  f u s e  merely a shallow sur face  
on a properly prepared edge. This would e l imina te ,  I be l ieve ,  a g r e a t  dea l  
of poros i ty ,  with'out any change i n  t h e  gaseous contynt of t he  parent metal. 
Then, a l s o ,  i f  w e  have the  edge prepara t ion  t o  accommodate our process properly,  
we can, with a given energy l eve l ,  t r a v e l  a t  a higher r a t e  of speed through 
t h e  add i t ion  of a g rea t e r  amount of f i l l e r  w i r e .  We s t i l l  have the  f i l l e r  
wire problem t o  contend wi th  but  t h a t  i s  a s i n g l e  problem and not  a m u l t i p l e  
problem of base metal, improper j o i n t  contours, and f i l l e r  w i r e ,  a s  w e l l  a s  
equipment. I th ink  t h a t  w e  must look a t  the  choice of process with a l l  these  
other th ings  i n  view. I n  o the r  words, i f  a square-butt  j o i n t  i s  not  s u i t a b l e  
i n  the  ho r i zon ta l  pos i t i on  f o r  one process, then w e - m s t  f ind  another process 
o r  another j o i n t  type t h a t  w i l l  be s u i t a b l e  t o  give us an  optimum r e s u l t  i n  
t h a t  welding position., 
This can be almost completely eliminated by the  
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yer:  Well, the ques t ion ' s  a very d i f f i c u l t  one t o  answer. 
te t h a t  f o r  a given job,  I would assume t h a t  among the  
number of welding engineers I could g e t  f i f t y  arguments about which would 
be the b e s t  way t o  go f o r  a p a r t i c u l a r  job on a p a r t i c u l a r  type of metal, and 
I would guess t h a t  i n  many cases ,  f i v e  o r  s i x  of us would a l l  be r i g h t ,  i f  
f i v e  o r  s i x  of us Tjere t a lk ing  about d i f f e r e n t  things.  ' I do know t h a t  the  
welding industry w i l l ,  i n  t h e  not  too  d i s t a n t  fu tu re ,  (and I th ink  t h a t  we're 
compounding t h e  problem now,) have more processes avgi lab le  t o  you than what 
you have now. Some of these a r e  going t o  be fast-moving with in tense  hea t  
f o r  a small a rea  t h a t  may g e t  you out  of some of the  problems t h a t  you have 
mentioned. But,, on t h e  o ther  hand, f requent ly  you people i n  aerospace a r e  
very much l i k e  the  guy t h a t  j u s t  g e t s  t he  shower ad jus ted  when someone 
f lu shes  the  t o i l e t .  
and we have t o  go back i n t o  the  lab  and take a second look a t  a d i f f e r e n t  
process t o  come up with an answer t o  the  problem t h a t  you ' re  giving us r  
And r e a l l y ,  i n  my own est imat ion,  t h e r e  j u s t  i sn ' t  a cut-and-dried answer 
o r  process f o r  a given problem, 
u come along with new mater ia l s ,wi th  new requirements, 
Panel, M r .  Schwartzbart:  Well, I s m  not  su re  i t ' s  necessary; however, I 
Dis to r t ion  i s  simply a funct ion of the  amount 
consider  t h a t  a very d i r e c t  and precise quest ion has  been made, and it has a 
very d i r e c t  and precise answer. 
of energy, the  amount bf BTU's required per an inch of weld. Anything you hea t  
inland from the  sur face  you're t ry ing  t o  j o i n  i s  wasted. 
give a l o t  of thought t o  how t o  g e t  t he  narqowest heat,-affected zone, the  
narrowest hea t  t o  make a given d is tance  of welds with the  l e a s t  amount of 
energy. 
t o  do a l l  the  j o i n t s ,  and the  p r a c t i c a l  considerat ions vary from j o i s t  t o  
j o i n t  and s t r u c t u r e  t o  s t ruc tu re .  
perience,  i s  one of t he  most a t t r a c t i v e  from the  poin t  of view of these  d i s -  
t o r t i ons .  
Welding engineers 
Some processes have been s p e c i f i c a l l y  named. There i s  no one process 
Cer ta in ly ,  e l ec t ron  beam, w e  know from ex- 
Chairman, Mr. Brown: M r ,  Wuenscher, I th ink  t h a t  you ' re  i n  a pos i t i on  
l i k e  the  farmer who one t i m e  put  a quest ion t o  a very elegant  speaker, 
asked him i f  he knew something, o r  i f  he thought he knew -something, and 
he s a i d ,  11 I onft th ink ,  I knowell And the  farmer sa id ,  "1 don' t  th ink  I 
know e i t h e r , "  
H e  
Mre Wuenscher: Normally, i f  you look back i n  h i s t o r y  a t  the  d i f f e r -  
e n t  developments, you reach a point  where you have many approaches i n  the  
m i l l  a t  the  same t i m e ,  and when everything matures,  f i n a l l y  you end up with 
j u s t  one so lu t ion  and nobody e l s e  thinkg about t h e  o ther  so lu t ions  m y  mores 
Now, i n  your opinion, i s  the re  one out-s tanding welding process,  o r  maybe a 
couple of them, which might win the  race?  
beam, you have the  t rouble  with the  vacuum chambere 
beam ou t  i n t o  normal i n e r t  gas environment, t he re  a r e  o ther  problems, 
Then, t he re  is, f o r  ins tance ,  another  type of joining:  defusion bonding- 
t h a t  seems t o  be a beauty-or explosion welding, Now there  might be a 
l o t  of deformation, bu t  from oun poin t  of view, whenever you look toward the 
large veh ic l e  appl ica t ion ,  you might need a hundred tons of cerocas t  t o  
embed the  p a r t s  which you want t o  explosively weld together.  
away- Out of t 
attractive,  but  it has mechanical requirements, 
I mean, i f  you look a t  e l ec t ron  
I f  you t r i e d  t o  g e t  t h a t  
This i s  
g 9  and a f t e r  the  opera t ion  you have to  m e l t  the  t o o l  
ava i l ab le  processes,  high frequency jo in ing  i s  very 
Obviously, the TIG and the 
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M I G  seem t o  s t a y  with US. Which o the r  processes seemo i n  the  near  fu tu re ,  
t o  be the  next v a l i d  competitors? 
Chairman, M r .  Brown: 
panel,  so I ' m  going t o  allow M r .  Hawkins the  chance t o  suggest t h i s  
panacea t o  you, 
We could spend a l l  morning on t h i s  with the  
Panel, M r ,  Hawkins: I think the most promising thing t h a t  I have w i t -  
nessed i n  the  pas t  year t r ave l ing  about the country and having the opportunity 
t o  have'used t h i s  th ing  myself, i s  a combination between the  TIG process and 
plasma, which w i l l  be a c o n s t r i c t i v e  a r c  between two torches.  This i s  the  nea res t  
thing I ' ve  seen t o  e l ec t ron  beam out of the  chamber with the e l ec t ron  beam charac- 
t e r i s t i c s  i n  welding. Here, you're going a t  high voltage', a t  very high frequency, 
a t  very low cu r ren t ,  and you can t r a v e l  through t e r r i f i c  thicknesses  along these  
l i nes .  I th ink  t h a t  t h i s i s  probably the  most promisink thing I 've  seen. 
a combination of TIG and p l a sm.  
I t ' s  
Chairman, M r .  Brown: M r .  Rish,  we haven ' t  had any quest ions f o r  you, 
today. What would you l i k e  somebody t o  ask  you a quest ion about?  
Panel, M r .  Rish: I was asked to  s i t  here  i n  the even t ' t ha t  there  were 
some quest ions i n  regard t o  recording. 
experience down here i n  using recorders  on some of the processes.  
I ' m  with Honeywell, and.had a l i t t l e  
Chairman, M r .  Brown: Does t h i s  include instrumentat ion? 
Panel, M r .  Rish: Y e s ,  t o  a l imited ex ten t .  
Chairman, M r .  Brown: Does anyone have an instzumentation quest ion? We've 
discussed t h i s  today. Does anyone have a q j e s t i o n  t h a t  he would l i k e  t o  address 
t o  M r .  Rish? I don ' t  want him t o  f e e l  neglected up here .  
Panel, M r .  V i l k a s :  I wonder how many parameters, fo r  ins tance  i n  T I G  
welding, ' up t o  now. a r e  instrumented? 
Panel, M r .  Rish: My experience has been l imi ted  t o  MSFC down he re ,  and 
There 
We have discussed recording gas flow but  have not  done anything 
as we s tand r i g h t  now, we have only been recording vol tage and current..  
i s  a plan t o  record wire feed r a t e  and the  machine t r a v e l ,  a s  B i l l  McCampbell 
ta lked about.  
along those l i n e s .  
Chairman, M r .  Brown: Does t h a t  answer your quest ion? Another quest ion 
down here .  Y e s .  
M r .  Cline: We have an instrumentat ion program i n  work. We a r e  r e -  
cording the a r c  vol tage,  the  welding amperage and the t r a v e l  speed with a Wayne 
George d ig i - tack  pickup and d i f f e r e n t i a l  ampl i f i e r s .  The w i r e  feed r a t e  i s  by 
the  same system. 
change i s  because the operator  changed i t  o r  because the machine changed. The 
same holds f o r  the wire feed r d t e  and the t r a v e l  speed. We have an eddy cu r ren t  
instrument c o i l  mounted on the wire feed system s o  t h a t  we can c o r r e l a t e  any 
defec t  with the  cha r t  readout.  
the development program where we a r e  a t  l e a s t  t ry ing  t o  p i a  down t h i s  many items 
and r e l a t e  them back t o  the weld. 
There i s  an  add i t iona l  hookin where we know i f  the amperage 
This i s  again a development of technique i n  
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M r .  Schwinghamer: I ha te  t o  bea t  t h i s  th ing  t o  death on poros i ty ,  bu t  
I could make 180 telephone cal ls  and ge t  answers, bu t  t h i s  would be 
i t  i s  a golden opportunity when you ge t  t h i s  many exper t s  toge ther  under one 
roof.  
qu icker ,  What I r e a l l y  want t o  f i n d  out i s  this-=--I would l i k e  t o  address the  
panel and a l s o ,  i f  I c a n ' t  ge t  a rise up the re ,  somebody i n  t h e  audience. Havq 
you ever welded a t  the 3 o'clock pos i t i on ,  go t t en  poros i ty ,  bu t  proved t o  your- 
s e l f ,  i nd iv idua l ly ,  beyond a shadow of a dbubt, t h a t  you did r e a l l y  have adequate 
gas coverage; you knew i t  d id  no t  a s p i r a t e  a i r ,  you looked a t  i t  with e i t h e r  
Schl ie ren  o r  otherwise,  and you were pos i t i ve  you did have gas coverage, bu t  you 
got  s i g n i f i c a n t  amounts of poros i ty?  I f  somebody can t e l l  m e  t h a t  happened, 
t h a t q s  going t o  change my whole philosophy of l i f e .  
Panel, Mr.  Hawkins: A t  one f a c i l i t y  of which I am not a t  l i b e r t y  t o  
divulge the  name, they have run welds i n  a chamber, where they purged it down 
and back f i l l e d  many times, and found cons i s t en t ly  t h a t  they can ge t  poros i ty  
a t  t he  3 ,o ' c lock  and c a n ' t  g e t  it even a t  t he  overhead pos i t ion .  Consequently, 
they themselves determjned and made t h i s  a published f a c t ,  t h a t  i n  the  3 o'clock 
pos i t ion ,  they were g e t t i n g  entrapment. So, they th ink  t h a t  i n  the  box they a t  
l e a s t  had adequate coverage. 
M r .  Schwinghamer: They a t t r i b u t e  t h i s  t o  the  entrapment of t he  sh i e ld ing  
gas, you mean? 
Panel, M r .  Hawkins: That i s  r igh t .  It d id  not have a chance t o  bubble 
out; they even shook it a t  a high speed r a t e  of v ib ra t ion  i n  order t o  t r y  t o  
a s p i r a t e  t h i s  gas and g e t  it out. 
f e a t u r e  than any o ther .  
have ,out t he re?  
They had more success with t h i s  p a r t i c u l a r  
But, how a r e  you going t o  shake t h a t  b i g  beas t  you 
M r .  Schwinghamer: On launch, but then i t ' s  a l i t t l e  l a t e .  
Panel Mr .  Schwartzbard: I went t o  c l a r i f y  one point t h a t  came up now. 
He s a i d  entrapment of t he  sh i e ld ing  gas o r  hydrogen? 
M r .  Schwinghamer: It was sh ie ld ing  gas? Supposedly? 
Panel, M r .  Hawkins: Yes, it was t h e  hydrogen t h a t  came from the  c a r r i e r  
of Helium gas. 
Chairman, M r .  Brown: It was i n  t h e  i n e r t  atmosphere, r i g h t ?  
Panel, M r .  Hawkins: Right, 
Panel, Mr. Waite: I n  t h i s  respec t ,  manipulation, s l i g h t  o s c i l l a t i o n  
This o s c i l l a t i o n  is not  a 
bu t  an o s c i l l a t i o n  i n  the  d i r e c t i o n  of t he  j o i n t  it- 
of t h e  torch ,  has been used to g r e a t  advantage i n  e l imina t ing  poros i ty  and 
d i s c o n t i n u i t i e s  wi th  both TIG and MIG processes. 
sidewise o s c i l l a t i o n  
s e l f ,  This tends t o  move t h e  f l u i d  p a r t  of t h e  puddle around a l i t t l e  b i t  
more,,and the  a g i t a t i o n  i s  necessary i n  g e t t i n g  t h e  gas out of entrapment, 
which i s  probably due t o  the  general  v i s c o s i t y  of t he  puddle. 
s t i r r i n g  and e l imina t ing  t h e  gas, t h a t  can be used t o  q u i t e  good advantage, i s  
with an  a r c  t h a t  i s  not  e n t i r e l y  qu ie t ,  t h a t  is ,a c e r t a i n  amount of a r c ' d i s -  
turbance a l s o  causes a s t i r r i n g ,  W e  donst,want t h e  disturbance t o  be so g r e a t  
Another method of 
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t h a t  it . r e s u l t s  i n  s p a t t e r ,  bu t  some a r c  disturbance does have a b e n e f i c i a l  
e f f e c t  i n  s t i r r i n g  the  puddle. 
Panel, M r .  Vilkas: 
observed a s  w e l l  a s  ca lcu la ted .  For example, some jou rna l s  have been published 
about t h e  j e t  a c t i o n  i n  the  a rc .  
t h a t  t h e  speed of t he  a r c  plasma can reach a l e v e l  of approximately th ree  times 
the  speed of sound, a t  t h e  s e t t i n g s  you're using here.  
the  amount of gas j e t t e d  through t h i s  a r c ,  and then the  gas a v a i l a b l e  plus the  
Pact t h a t  t h i s  gas is expanding, you w i l l  have a kind of formula t h a t  w i l l  
i nd ica t e  t o  you what kind of sh i e ld ing  e f f i c i ency  you have. 
I be l ieve  t h a t  t h e  e f f i c i e n c y  of sh i e ld ing  can be 
I t ' s  not  t oo  d i f f i c u l t  t o  c a l c u l a t e  and f ind  
Now, i f  you ca l cu la t e  
M r .  McArthur: I am from Olin,  and I have l i s t e n e d  wi th  g r e a t  i n t e r e s t  
these  pas t  t h ree  days t o  t h i s  poros i ty  discussion. 
and t o  a lesser degree, with Bob, t h a t  we're always going t o  be faced wi th  some 
of t h i s ,  and i t ' s  probably not  necessary t o  g e t  r i d  of it a l l .  However, I ' ve  
a l s o  heard many mentions of t h e  va r i ab le s  t h a t  con t r ibu te  t o  poros i ty .  I wonder 
i f  anyone on the  panel has hung some numbers on t h e  s i g n i f i c a n t  va r i ab le s ;  i n  
other words, j u s t  what a r e  the  s i g n i f i c a n t  f a c t o r s  i n  porosity,  what percentage 
can w e  apply t o  the  f i l l e r ,  t o  the base p l a t e ,  t o  t he  sh ie ld ing  gas, t o  t h e  a r c  
lengths,  e t c ?  Because u n t i l  w e  s t a r t  t o  do t h i s ,  t h e r e ' s  not much use of working 
on a 2 percent s ign i f i cance  when t h e r e ' s  probably a 15 t o  20 percent va r i ab le  
s i t t i n g  up i n  f r o n t  of us. 
ment on t h i s ?  
I agree wi th  both Perry, 
I wonder i f  anyone on the  panel would Pike t o  com- 
Panel, Mr. Waite: I would merely want t o  say t h i s ,  t h a t  t he  importance 
of the  va r i ab le s ,  i n  my opinion, i s  e n t i r e l y  d i f f e r e n t  f o r  the  M I G  and t h e  TIG 
process. 
Panel, M r .  Bandelin: 
they challenge me  t h a t  way. 
l i t t l e  b i t  about poros i ty  myself yesterday. 
the  easy way t o  be confronted wi th  a l a rge  problem. 
k n y  people sqy t h a t  w e  ge t  poros i ty ,  w e  ge t  it from many sources,  and when 
you ques t ion  ?what percentage d id  w e  g e t  from t h i s ,  and what percentage d id  w e  
ge t  from t h a t ,  and what percentage d id  we g e t  from the  o ther ,  they vary with 
whatever t h e  conditions a r e .  But, I must repea t  two things t h a t  should be 
brought t o  your mind an! everyone's mind. 
w e  know w e  a r e  g e t t i n g  many o t h e r -  de fec t s ,  bu t  l e t ' s  s t i c k  t o  poros i ty  a moment. 
I th ink  t h a t  not enough e f f o r t  has been put i n t o  what e f f e c t  these  d i f f e r e n t  
Conditions of poros i ty  w i l l  have on our end product. 
point of what w e  a s  ind iv idua ls  see on the  radiograph, bu t  do w e  t r a i n  out  
radiographic personnel properly t o  i n t e r p r e t  what they a r e  seeing? 
have i n c i p i e n t  melting i n  the  aluminum i t s e l f  t h a t  could change a dens i ty  
f a c t o r  i n  your X-ray. There a r e  many things t h a t  could change your X-ray 
r e s u l t s  so t h a t  you're seeing t h i s  porosity.  I ' m ,  no t  r e f e r r i n g  t o  poros i ty  
s t r i c t l y  on the  su r face  now; I ' m  r e f e r r i n g  mainly t o  poros i ty  t h a t ' s  subsurface. 
I th ink  t h a t  your problem i s  more than which p a r t i c u l a r  percentage comes from 
the  w i r e  o r  from the  p l a t e  ma te r i a l ,  or the  source, o r - the  tubing t h a t  c a r r i e s  
the gas, o r  what ever it is. W e  should concentrate out e f f o r t s  more on the  
e f f e c t  of t h i s  porosity.  Some of the  micro poros i ty  
we never see. 
p la te .  
a r e  so c l o s e  together t h a t  i t  i s  phys ica l ly  impossible t o  see t h i s  by any radio- 
I ' m  the  f ac t ious  one of t h i s  panel. 
I 've  heard much about poros i ty  and I ta lked  a 
We've a l l  heard many, 
I know t h a t  
1 th ink  t h a t  everyone overlooks 
We know w e  a r e  g e t t i n g  poros i ty  and 
Not only from the  s tand-  
You could 
And w e  c a n ' t  see i t ' a l l .  
A very good case of a more ser ious  condi t ion  would be i n  heavy 
You may have incomplete pene t r a t ion in  the  cen te r  where your p l a t e s  
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graphic means. 
r e a l  e f f e c t s  of t h e  types o f . p o r o s i t y  we have and t h e  o ther  condi t ions t h a t  
p reva i l ,  
t o  do t h a t ,  bu t  w e  have t h i s  condi t ion today, 
We should consider concentrat ing more e f f o r t s  on what a r e  the  
I s m  n o t  g e t t i n g  away from t r y i n g  t o  g e t  it b e t t e r ;  w e  a r e  a l l  t r y i n g  
Panel, Mr. Rieppel: I be l ieve  the' quest ion was--hevd l ike t o  have some 
opinion of which one of t h e  b a s i c  sources of poros i ty  m y  be t h e  most important, 
etc. Is t h a t  c o r r e c t ?  What a r e  t h e  things t h a t  come f i r s t ?  W e  went through 
these yesterday.'  I f  you have porosi ty ,  again you have hydrogen, so what a r e  
t h e  most important sources of i t ?  
a r e  t h e  most important sources of i t ?  
would say the  su r face  of t h e  w i r e ,  and t h e  sur face  of t h e  p l a t e .  Next t o  t h a t ,  
I ' m  assuming t h a t  you have a p r e t t y  good sh ie ld ,  
e f f i c i e n c y  of t h e  s h i e l d  t h a t  you have, i s  t h a t  you keep moisture from t h e  a i r  
out,  
your11 g e t  perhaps some through the  gas ,  and some through f a u l t y  equipment, 
some l i t t l e  de fec t  you have i n  the  tube somewhere. And probably the  l as t  
one t h a t  I would put down is  t h a t  quant i ty  which i s  in s ide  the base p l a t e  
and i n s i d e  the  w i r e ,  
them, but  i f  I had a poros i ty  problem and I ' m  running a p r e t t y  good operation, 
t h i s  i s  t h e  order  I would look in. Where i s  t h e  hydrogen coming from? Now, 
you have t o  have the  hydrogen i n  order  t o  g e t  t h e  porosi ty .  All of these 
o the r  t h ings  t h a t  we t a lk  about, welding i n  t h e 1 3  o f c l o c k  pos i t i on ,  overhead, 
downhand, f a s t ,  slow, high a r c  vol tage,  o r  t h i s ,  t h a t ,  o r  something else, 
j u s t  say whether it comes out o r  whether it f r e e z e s  i n ,  I f  it comes out ,  
t h e r e ' s  no problem. 
head, it g e t s  trapped i n ,  So, t h i s  i s  a problem. 
If you're running a good operation, what 
I f  I had t o  choose t h e  number one, I 
Next t o  t h a t ,  I would say t h e  r e a l  
Next t o  t h a t ,  and again assuming t h a t  you have a p r e t t y  good operat ion,  
Now, t h i s  doesn ' t  say t h a t  we can neglect  any of 
But i n  the  3 o 'clock pos i t i on ,  o r  perhaps t h e  over- 
M r .  Ingram: I l i k e  your summary the re ,  Perry. I ' d  l i k e  t o  make one 
comment before Bob leaves here,  
of t h i s  problem r a t h e r  adequately. 
work t h a t  was done i n  aluminum s t r u c t u r e s  f o r  ships .  
too many years  ago, back i n  t h e  l a t e  401s when i n e r t  gas  welding, you 
might saydwaspgut on i t s  feet  a s  a r e a l  process. 
of it. 
the  l as t  several  days. These were cleaned up t o  some extent ,  including 
a d d i t i o n a l  degassing of t h e  base metals when they were poured; however, 
one thing holds t r u e  of t he  var ious s t r u c t u r e s  t h a t  were involved a t  t h e  
t i m e ,  l ike t r i p o d  mass on destroyers ,  complete s h i p h u l k ,  no t  very big 
ones, 100 foo t ,  30 f o o t  beams. The way we got  around t h e  bulk of t h i s ,  
a f t e r  c leaning up w i r e ,  reducing t h e  water vapors, and gases etc. was 
merely by technique, and t h a t  technique t h a t  was used would vary with t h e  
amount of wind t h a t  happened t o  be blowing around t h e  shipyard. I n  o t h e r  
words, we would increase the  volume of gas f o r  shielding.  
a s  much sh ie ld ing  a s  possible.  Now9 t h i s  may no t  have been the  most 
economical cure,  but it did serve t h e  purpose. I th ink  we've come a long 
way he reo  I o f t e n  wonder how many measurements we make, and p a r t i c u l a r l y  
here i n  t h e  space p i c t u r e ,  i n  regard t o  t h e  turbulence of t he  a i r  around 
these welds t h a t  may have a decided inf luence on these  sh ie ld ing  gases 
a t  t he  t i m e  t h a t  t h e  welds a r e  being made, 
l o t ,  and i f  you're using helium o r  l a r g e  percentages of helium, t h e  
e f fec t iveness  of th i ss turbulen t  a i r  around you can do an awful l o t  of 
damage here. 
I th ink  youfve covered t h e  fundamentals 
However, I am reminded of t h e  e a r l y  
That hasn ' t  been 
We had porosi ty ,  plenty 
W e  covered these  var iab les  t h a t  we have been d i s c u s s h g  here f o r  
Weld give it  
It doesn ' t  take a heck of a 
I haven't  s a i d  anything new, but I l i k e  P e r r y f s  remarks, 
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I merely wanted t o  poin t  out t h a t  t h i s  thing go t  a s t a r t  i n  aluminum by 
doing p r e t t y  much t h e  very th ings  we're t a lk ing  about a t  the  moment, 
sh ie ld ing  gas ,  and enough of i t ,  with nozzles t h a t  have been designed t o  
g ive  you l i n e a r  types  of flow, r a t h e r  than turbulenceg appears t o  be one 
simple rou te ,  a t  1east ; to  a. cu rea  
But 
Chairman, Ms. Brown: Now, gentlemen, werve kicked around q u i t e  a 
b i t  t h i s  morning i n  the  th ings  werve been d iscuss ing ,  and I th ink  t h a t  
Perry has p r e t t y  wel l  summarized it. 
we should take  some time t o  do one th ing ,  and t h a t  i s  t o  leave some 
recommendations here  with our hos t s  a t  NASA as t o  what can be done t o  
continue t h i s .  I don't th ink  anyone d isagrees  wi th  Harry's idea of 
g e t t i n g  r i d  of hydrogen, but i f  reminds me a l i t t l e  b i t  of a f r i e n d  of 
mine one t i m e  who w a s  very discouraged, I s a i d ,  !!What's the  matter,  Joe?" 
And he sa id ,  " H e l l ,  I f e e l  l i k e  s leeping  with Jayne Mansffeld again." 
And I sa id ,  "Again?" And he s a i d ,  "Oh, yes,  I ' v e  f e l t  l i k e  t h i s  
before." So, i t s  no t  enough t o  f e e l  l i k e  t h a t .  The question is ,  
what a r e  w e  going to do about i t ?  
rundown t h a t  Per ry ' s  given us i n  h i s  summary, I would l i k e  t o  ask 
these  panel members now t o  t e l l  us what can we do about t h i s ,  how can 
we p in  some of these  th ings  down and prevent them, and where should w e  
go from here? 
had a t  t h i s  meeting? 
you people on the  f loo r .  
we do about t h i s ?  
of con t ro l ?  
I th ink  t h a t  before we c lose  out ,  
And I th ink  t h a t  i n  view of t h i s  
How should w e  maintain t h e  type of coordination we've 
I ' d  l i k e  t o  ask the  panel and then 1 1 1 1  ask some of 
Who would l i k e  t o  s t a r t  commenting? Whaf can 
Where do we s t a r t  t o  put a handle on these f a c t o r s  
Panel, M r .  Vilkas: I guess the immediate suggestion would be t o  
tu rn  t o  the  h ighes t  percentage'of inc idents  a s  recorded by some means. 
We heard what Martin did i n  Denver. I th ink  i t  should be done here. 
That 's  where t h e  problem should be a t tacked  f i r s t .  
t he  welding problem a s  such, but a problem defined by some means. For 
example, it was mentioned t h a t  one of t he  problems wi th  t h i s  po ros i ty '  
was t h a t  t h e  equipment i s  not y e t  producible, dependable, and so on, 
It should be s impl i f ied ,  etc,  Now, t h a t  i s  f i n e .  That's what people 
should work on. But a t  t h e  same time, I think t h a t  the  f a c i l i t y  
people, people t h a t  a r e  i n  charge of f ab r i ca t ion ,  
t i s t i c a l  methods t o  def ine  the  causes f o r  these  de fec t s  i n  t h e  welds. 
Not t a l k i n g  about 
Panel, M r .  Davis: We have of course, a s  Perry pointed out here,  
two main prablems i n  the  c l ean l ines s  of t h e  mater ia l s - - the  f i l l e r  w i r e  
and t h e  base mater ia l ,  and of course assuming t h a t  you have a good 
sh ie ld ing  gas., The f i l l e r  wire comes t o  us f a i r l y  c lean ,  and w e  pack- 
age it and s t o r e  it, keep it properly concealed so t h a t  i t  doesn ' t  g e t  
recontaminated; so, t h i s  leaves the  base mater ia l .  Of course, w e  have 
t o  work with t h i s  up t o  t h e  point of the  welding operation. 
po in t ,  w e  need t o  put spec ia l  emphasis on the  cleaning of t he  base 
mater ia l s  i n  and ad jacent  t o  the  w e l d .  
here  i s  i n  t h e  magnitude and s i z e  of our vehic les .  
So a t  t h i s  
I th ink  one of the  b i g  problems 
I t ' s  almost impossible 
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Panel, M r .  .Hackman: I th ink  a sess ion  such a s  we're completing 
here  i s  very good. 
conduct i t  on the  b a s i s  of a b idder ' s  conference;where, a s  competitors'2 
we tend t o  s i t  a l i t t l e  b i t  on our hands and see i f  someone e l s e  w i l l  
expose t h e  idea t h a t  he  intends t o  use i n  h i s  bid.  
t o  ge t  a f reeze  zfp. 
going, c e r t a i n l y ,  i s  a sess ion  l i k e  t h i s ,  bu t  I th ink  a l s o  I would put 
the  burden of r e s p o n s i b i l i t y  r i g h t  he re  a t  t he  F l i g h t  Center, 
W e  do g e t  a l o t  of interchange, so long a s  w e  don ' t  
Opherwise, you tend 
I th ink  one way t o  keep an interchange of information 
Publ icat ions 
such a s  t he  one t h a t  has j u s t  come out  here ,  
w i l l  he lp  us a l o t ;  a l s o ,  t o  r egu la r ly  recei 
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progress repor t s ;  a l so ,  the  r epor t s  coming from the  people who have sub- 
cont rac ts .  
dupl ica t ion  and i t ' s  no o n e f s  f a u l t ,  
ing on t h e  same problem. And, g e t t i n g  back t o  a comment I made a t  the 
beginning, I don ' t  t h ink  our problem isbrcfad ly ,  poros i ty  i n  aluminum. 
I t ' s  poros i ty  i n  aluminum i n  s p e c i f i c  weldments, s p e c i f i c  j o in t s .  
And a f t e r  a l l ,  the  end objec t  here  i s  not  t o  generate  data ,  o r  X-ray 
f i lm,  o r  anything e l s e ;  i t f s  t o  bu i ld  a space vehic le .  
s p e c i f i c  problems on t h e  s p e c i f i c  j o i n t s ,  c l e a r l y  defined t o  us ,  are 
the  th ings  we ought t o  work on. 
A g r e a t  dea l  of what we heard i n  the  l as t  few days has been 
We f i n d  t h a t  we a r e  sometimes work- 
I think the 
Panel,  M r .  Ba9singer: Y e s ,  t h i s  idea of a technica l  interchange 
i s  very good, The s p e c i f i c  request  made, though, a t  the  beginning of 
t h i s  latest  discussion,  was f o r  ideas  f o r  f u t u r e  s p e c i f i c  work t o  be 
done, and with re ference  t o  t h e  s p e c i f i c  weld t h a t  i s  causing the  d i f f -  
i c u l t y ,  t h e  3 o f c l o c k  weld, I f  you analyze t h a t ,  you have two th ings  
as var iables-dthe p l a t e  material t h a t  can m e l t  i n t o  the  weld, and the  
sh ie ld ing  e f f i c i ency  t h a t  w a s  pointed out very c l ea r ly .  So, i f  t h a t  
i s  the troublesome weld, it is c e r t a i n l y  suggested t h a t  a t t e n t i o n  be 
given t o  t h i s  weld, and t o  the  r e l a t ionsh ip  t o  the  parent  metal ,  
e s t ab l i sh ing  a hydrogen l eve l ,  and tak ing  a good look a t  t h i s  s p e c i f i c  
weld. 
I th ink  t h i s  i s  t r u e  because whatever i s  ih the re  fuses ,  has t i m e  t o  
r i s e  out of t he  weld, and does not remain i n  it. It is  only the  s t u f f  
t h a t  i s  churned up, bo i led  up i n  the  weld t h a t  r i s e s  t o  the  top i n  a 
3 o'clock weld, and t h e r e  i t  s tays .  It h i t s  t he  s o l i d  metal and it s t ays  
there .  
I suggest t h a t  w e  work on the  3 o 'c lock  weld, and from a very bas i c  s tand-  
poin t  ,
It i s  agreed t h a t  the v e r t i c a l  welds are of no p a r t i c u l a r  problem. 
The suggestion t h a t  t he  s p e c i f i c  problem be worked on i s  good. 
Panel,  M r .  Lenamond: I f d  l i k e  t o  Say j u s t  one o ther  th ing  about 
issaminat ion of information, and i n  car ry ing  on such meetings as 
wefve had here  t h i s  year. 
sure  t h a t  t he re  has been some thought given t o  s e t t i n g  up a l i b r a r y  
here a t  Marshall. 
be i n  the  making; I don ' t  know. But, wefre t a l k i n g  about interchange of 
information 'here ,  and i f  it would be poss ib le  t o  set  up a l i b r a r y ,  i n  
which a l l  of NASAfs i n t e r n a l  work, and a l l  of t he  con t r ac to r s f  r epor t s  could 
be f i l e d ,  and could be made a v a i l a b l e  t o  f u t u r e  cont rac tors ,  and any 
one p a r t i c u l a r  area i n  which a new con t rac to r  i s  going t o  s t a r t  t o  work, 
i f  he could obta in  a l l  of the  information ava i l ab le ,  t h i s  would 
c e r t a i n l y  tendOto c u t  out dupl ica t ions ,  and help these  individuals .  
I th ink  i t f s  a must t h a t  we do t h i s .  I ' m  
I f d  l i k e  t o  put t h i s  out  a s  a proposal,  and it might 
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Panel, M r .  Schwartzbart: Spec i f i ca l ly ,  along the  l i n e s  of com-  
unica t ion ,  I suggest t h a t  NASA.give some s p e c i f i c  cons idera t ion  t o  how 
t o  handle the  d i s t r i b u t i o n  of r epor t s ,  
use d i f f e r e n t  prac t ices .  
and I th ink  the  philosophy ought t o  be taken t h a t  the d i s t r i b u t i o n  lists 
should be la rge  r a t h e r  than small, a s  they a r e  i n  some Government 
agencies,  and t h a t  the work t h a t ' s  going on ought t o  be widely disseminated 
I n  add i t ion  t o  the  l i b r a r y ,  o t h e r  means ought t o  be taken t o  avoid 
dupl ica t ion  of e f f o r t  and keep everyone as w e l l  informed a s  poss ib le ,  
I th ink  
Dif fe ren t  Government agepcies  
I th ink  the re  should be d i s t r i b u t i o n  l i s tsp 
Panel,  M r .  Rieppel: I might say one th ing  more here. 
something has been qu i t e  lacking i n  t h i s  discussion. I mean t h e r e ' s  been 
lack  of information. 
can we take,  and what c a n ' t  we take.  
That i s ,  j u s t  how much poros i ty  o r  what de fec t s  
This i s  c e r t a i n l y  one a rea  where we 
must i n  the f u t u r e  do a l o t  more work. 
po in t  of poros i ty ,  and I have no hopes t h a t  we're ever going t o  ge t  r i d  
of a l l  of i t  cons i s t en t ly .  But, we need t o  know more about how much 
can we take,  how f a r  do we have t o  squeeze t h i s  thing t o  have i t  good 
enough. And I go back t o  the o ld  saying t h a t  the  b e s t  engineering job 
i n  the  world i s  the  one t h a t ' s  j u s t  good enough. But, i t ' s  awful hard 
t o  j u s t  do one t h a t ' s  j u s t  good enough. 
s i d e  of t h i s  thing of what can we take and what c a n ' t  we t ake .  
I look a t  i t  aga in  j u s t  from the 
We need t o  know more about the 
M r .  C l ine :  I discovered i n  the l as t  few days t h a t  when we were 
the  prime cont rac tor  f o r  t he  Reactor i n  F l i g h t  Program we d id  some 
very i n t e r e s t i n g  work on shrinkage and d i s t o r t i o n .  
empir ical  shrinkage formulas,'mathematical equat ions,  q u i t e  .simple, 
based upon s ing le  pass welds i n  aluminum p l a t e .  
a lone ,  we found t h a t  t h i s  was f a i r l y  r e l i a b l e .  
statement t h a t  someone made on the  panel a few minutes ago, those r epor t s  
have been i n  the  Marshall complex for  f i v e  t o  s i x  months. 
of the  people t h a t  should have seen them a t  MSFC have not seen them. 
We developed some 
One p l a t e  thickness  
Now, g e t t i n g  back t o  a 
A g rea t  many 
Chairman, M r .  Brown: Well, gentlemen, i n  preparing t o  tu rn  t h i s  
meeting over t o  M r .  Parks again,  I ' d  l i k e  to take the l i b e r t y ,  o r  t he  
prerogat ive t o  make summary comments on what I have reduced from what 
the experts  have s a i d  here .  F i r s t  of a l l ,  t he re  should be a g rea t  dea l  of 
weight given t o  one thing.  We should have some idea from the q u a l i t y  
con t ro l  point  of view a s  t o  how ser ious  the  defec ts  a r e ,  how many of 
them can we s tand,  how much of them can we s tand ,  and exac t ly  how a r e  
they cdccurring? I was  p a r t i c u l a r l y  impressed by the fe l low who turned 
up with 85 percent human f a c t o r s  t h a t  he could prevent. There a r e  a 
c e r t a i n  number of weld defec ts  t h a t  got through which he did not  prevent,  
but a t  l e a s t  he el iminated the things t h a t  he could con t ro l  before  he 
c r i e d  out  t h a t  the  metal was  poor, the vendors were not responsible ,  t h a t  
the equipment was no good. I th ink  t h a t  t h i s  i s  the. important thing t o  
c lean  our own shops f i r s t .  I th ink  tha-t i t ' s  important t h a t  we have 
these standards t h a t  Perry spoke about,  t o  know what i s  required of us .  
I th ink  i n  r e t u r n  t h a t  every s ing le  ,vendor, whether i t  be materia$,  o r  
whether i t  be equipment, has the r i g h t  t o  ask every one of us tha t  has 
made any comments, " A l l  r i g h t ,  what do you want? Why don ' t  you t e l l  
us?  Don't t a l k  i n  g e n e r a l i t i e s .  You want b e t t e r  equipment; what i s  i t  
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you want?" 
t h a t  he wanted a con t ro l  on. He thought t h i s  wasn't  adequate. Now, if he 
can set  t h i s  f i gu re  a t  some lower va lue ,  the  equipment vendor can say --- 
we c a n ' t  do t h i s .  That ' s  one thing.  ' But we should be spec i f i c .  What 
do we want i n  metals? What do we want from the 
vendor? 
going t o  he lp  us?  
s p o t l e s s l y  clean,  and he sh ips  i t  and i t ' s  not  i n  t h a t  shape by the t i m e  
we g e t  ready t o  weld i t? I think these a r e  quest ions a11 of which 
should be answered too. And, t o  revlew, I th ink  the  important points  
t h a t  Perry summarized w e r e :  
hydrogen. 
por tan t ,  both the f i l l e r  wire and the  base metal .  
The e f f i c i ency  of the s h i e l d  must be examined t o  exclude the ambient 
condi t ions where you can ge t  i n t o  t rouble .  Faul ty  equipment i s  cer -  
t a i n l y  going t o  happen once i n  a while.  
metal ,  f i l l e r  wire,  and the metal i t s e l f  a r e  c e r t a i n l y  open t o  quest ion.  
Now, as Perry sa id ,  i t ' s  probably unl ike ly  t h a t  we s h a l l  ever  e l iminate  
a l l  of these  th ings  a t  the  same t i m e  and have 100 percent. But some- 
where along the  l i n e ,  a s  someone s a i d  t h i s  morning, we have t o  set up 
a c e r t a i n  standard t o  which we a r e  going t o  work f o r  any process. A t  
l e a s t  set a cons is ten t  working range. I f  w e ' r e  l imi ted  by mater ia l s ,  
a t  least set a cons i s t en t  s tandard t o  use. I f  w e f r e  going t o  have a 
sh ie ld ing  gas,  a t  least be su re  t h a t  what goes i n  is the  bes t  t h a t  we 
can g ive  the  men working on t h e  job. I f  we s ta r t  t o  e l iminate  the  
va r i ab le s  t h a t  we can cont ro l ,  then perhaps we111  have a r i g h t  t o  come 
back t o  people l i k e  NASA'and say, "Wefve done what we can t o  cont ro l ,  
but yourre asking too  much of what we can offer ."  Now, has t h i s  been 
a f a i r  statement,  do you think,  gentlemen? Before I -let the  panel go, 
have they done the  job you wanted them t o  do, o r  is  there  something 
more youfd  l i k e  t o  ask  them? I n  t h a t  case, 1 1 1 1  t u r n  it back t o  you 
with many thanks f o r  a l l  your cour tes ies .  
M r ,  Manary, t h i s  morning, spoke of a d e f i n i t e  range of 15 
Base metals and wire? 
How much do we r e a l l y  need t o  do the  job,  and how much i s  i t  
What good is  i t  going t o  do us i f  he has the wire 
f i r s t  of a l l ,  we know we must e l iminate  
Second, w e  have learned t h a t  the metal surfaces  a r e  i m -  
They uiust be clean.  
The i n t e r n a l  property of the 
Mr, O r r :  This w i l l  be my last t i m e  up here. I ' d  l i k e  t o  thank 
a l l  the  speakers,  the  panel  members, co-chairman, and a l l  the  at tendees 
f o r  a wonderful g r a t i f y i n g  meeting t h a t  wq've had. 
enjoyed it, and we hope you've enjoyed being wi th  us. Hope you a l l  got  
something out  of it. 
message, I want t o  thank Bob Hoppes, i n  f r o n t  of a l l  of you, f o r  the  
f i n e  job t h a t  he did I n  organizing t h i s  thing. 
be commended'on tha t .  
We have r e a l l y  
Bob Hoppes i s  going t o  come up and give u s  a l i t t l e  
I th ink  hers  r e a l l y  t o  
Bob Hoppes: The f a c t  is ,  I ' m  s i c k  of s tanding i n  the rear. This 
w i l l  take one and seven-tenths minutes, approximately. 
indeed t h a t  you have come t o  t h i s  symposium, and I am p a r t i c u l a r l y  happy. 
As l a t e  as Monday, I o f t e n  imagined &ire Kuers and myself---alone---in 
t h i s  huge auditorium. 
hardly have added t o  my comfort. 
necessary,  But you d id  come. 
We a r e  happy 
Even the  presence of M r .  Parks  and M r .  O r r  would 
I would not  have s tayed any longer than 
I wish t o  thank i n  p a r t i c u l a r  t he  t echn ica l  co-chairman and the  
I a l s o  observed with lecturers. 
i n t e r e s t  t he  p r inc ip l e  of evolut ion a t  work. 
It was an exce l l en t  group of papers. 
Over the  pas t  216,000 seconds, 
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I have seen the transformation of a group of engineers from artists to 
scientists. I am pleased. I hope you do well in your new role, Well, 
those were not closing remarks. --- 
I wish 'to restate the two major themes of this Symposium, and I 
hope,, of the years ahead of us. 
getherd and integrating of the development efforks of NASA and industry, 
This means the exchange of information, mutual planning and development, 
resulting in, 1 hope, another Symposium of greater magnitude and con- 
sequence. 
to a more scientific level, to search for basic causes and effects, and 
to apply this knowledge to our present and future problems. 
manner, we can attain improved quality in welds and, thus, higher re- 
liability in welded structures. 
First, the coordinating, and bringing to- 
TIie second major theme has been to elevate the welding complex 
In such a 
Those were closing remarks. 
Now, as my San Antonio friend, Norm'Lenamond would say, "Hasta 
la vista, y que le vaya bien.11 Adios. The conference is adjourned. 
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